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THE COLLOIDAL STABILITY OF MILK

The coagulability of milk constitutes both an asset and a liability.
Without it, there would be no cheese or cultured products as we
know them. Coagulation, to produce a soft type of curd, with low
curd tension, is considered a prerequisite to mammalian digestion
of milk. Viscosity development and coagulation must always be
controlled and sometimes prevented during dairy product manu-
facture. Incipient coagulation produces a desirable thickening in
ice cream; mix or evaporated milk, but it may impart to sweetened
condensed milk an excessive viscosity, culminating in actual gela-

tion. hile complete coagulation yields the curd from which
cheese is made, this kind of change in sterilized or frozen milk re-
sults in unusable product. Feathering in coffee cream and in-

solubility| in dried milk are further manifestations of undesirable
coagulation.

The coagulation of milk involves the formation of large struc-
tural aggregates of casein, or curd, from the normal colloidal dis-
persion of discrete casein micelles. In forming a coagulum the
suspended phase may assume a gel structure, a partially coagulated
grainy condition, or it may separate entirely from the whey serum
as a flocculant precipitate, depending upon the specific environ-
mental conditions that prevail during coagulation.

A variety of agents including alcohol, acids, salts, heat, freezing,
irradiation, and proteolytic enzymes can induce coagulation of
milk. Extreme concentration can also effect coagulation by
compacting the micelles into an extensively modified serum elec-
trolyte environment, as exists in moist. milk powder or frozen milk.
The coagulation of the casein in milk bears some superficial resem-
blance to the coagulation of other biological fluids, such as blood or
egg white. However, the milk system presents many unique sta-
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bility characteristics related to the specific properties of the casein
micelles, the composition of the milk serum envirgnment and their
mutual interactions.

Colloidal stability, milk protein denaturation ahd the effects of
processing conditions on the coagulation of milk are discussed in
this chapter. Related subjects including rennet coagulation and
cheese chemistry are presented in Chapter 12, and coagulation in
the frozen state is discussed in Chapter 14. A further discussion
of physico-chemical problems may be found in Chabter 10.

Composition and Dispersion of the Casein Micgelle

Casein is a heterogeneous phosphoprotein containing three electro-
phoretically distinct components, designated o, 4, and v casein,
in order of decreasing electromobility. These comprise 80, 15, and
5% of whole casein, respectively, based on classical electrophoretic
analysis.!4.424  Reassessment of their relative distribution by dye
binding and fractionation techniques?%.254 has led tp revised values
of 60% a-, 329, -, and 99, y-casein. The significance of casein
heterogeneity lies in the fact that micellar stability|is derived from
the composite interactions of its discrete components. Each of
these possesses distinctive compositional, structurgl, and physico-
chemical properties. A number of components, not evident in the
usual course of electrophoretic analysis, have been identified in
whole casein, and more specifically in the a-complex. The identi-
fication and characterization, by Waugh and von|Hippel,* of a
calcium soluble component in the a-casein complex, designated «-
casein, and of a calcium insoluble component, a,, is of particular
significance and will be considered in a subsequent section on casein
polymer interactions. Current developments in the area of casein
resolution by paper electrophoresis of urea solutions of casein, 223,475
and starch-gel zone electrophoresis¢”” indicate a re arkable com-
plexity, particularly of the a-casein. The results o these methods
of resolution indicate that casein may contain upwards of 20 distinct
components! Whether all the components resolved under such
procedures are true natural constituents, or constitute in some
measure artifacts of the fractionation of casein, has yet to be
ascertained.

The casein components are colloidally distributed ps polydisperse
stable micellar aggregates in association with calcium and phos-
phate, and lesser amounts of magnesium and citrate. The total
complex, of undefined structure, is generally referred to as the cal-
cium caseinate-calcium phosphate complex. The caseinate micelles




may be considered as swollen, microscopic polyelectrolyte gels,
contdining in excess of 669, water, of which approximately one-
fourth is chemically bound. The exact méchanism for the retention
of the major proportion of unbound water in the micelles is not
clearly understood. It has been variously attributed to osmotic
forces imposed by the Donnan equilibrium requirements?0 —233.461
and to a type of colloidal ““charge swelling,” akin to the swelling of
gelatin and collagen in acids and bases.?’? From the sedimentation
properties of the caseinate particles, the micellar volume calculates
to be 4.0-4.5 times the volume of the dry framework, corresponding
to a voluminosity of 2.8-3.2 ml per gm. of casein™¢* The approxi-
mately spherical micelles have been estimated to range in size from
400-2,800 A by electron microscopy,?®! 200-1,400 A by ultra-
centrifugation,® 800-1,100 A by light dispersion,*® and 50-1200 A
by ultramicroscopy.** The dominant frequency of particle size,
determined by electron microscopy, lies in the 800-1200 A range,
equivalent to an apparent molecular weight of 81-266 million.
The lextent to which casein is aggregated in milk can best be ap-
preciated by the fact that the molecular weight of the casein mono-
mers is only 15,000-25,000, according to current estimates.®!-*3
Varigtion in the distribution of the individual casein components,
as a function of micelle size, has been suggested by a number of
investigators.?-143.31.3¢  The further'possibility of preferred micelle
size grouping is indicated by centrifugal 'sedimentation charac-
teristics.91.46 The casein micelle population is estimated to be in
the Erder of 102 particles per cubic centimeter of milk, with an
average free path of 0.36x between particles.** The micelles are
in constant kinetic motion, and in consequence of their closely
packed condition in milk, the entire dispersion may be immobilized
by cohesion of a relatively small proportion of the particles. Un-
restriained, the growth of the casein micelles would lead to spon-
tanepus coagulation of milk. However, in normal fresh cow’s
milk the colloidal dispersion is remarkably stable to extremes of
temperature and concentration. It can sustain severe boiling and
freezing conditions, and substantially recovers its normal dispersion
afte% concentration, freezing, or dessication. Under sterile condi-

tions, the integrity of the colloidal dispersion is maintained over
protracted storage periods.

The forces that so effectively limit micelle size are obscure, but
Waugh and von Hippel** suggest that they may derive from com-
plex polymer interactions of the casein components, a subject that
will be discussed in a later section.



Although the casein micelle exhibits unusual stability attributes
within the ‘“normal milk” environment, it i$ vulnerable to com-
positional changes in the milk related to the physiology of lactation,
or induced by bacterial growth, and applied process treatments.
Micelle size dispersion is modulated by a generally reversible
equilibrium with the calcium, phosphate, citrate, and magnesium
ions in the milk serum. Addition of multivalent cations to milk
causes progressive aggregation of the casein micelles, evidenced by
an increased centrifugability and turbidity, and a lower tolerance
to heat, culminating in spontaneous coagulation. The addition of
phosphate, citrate, or other calcium complexing anions, enhances
micellar dispersion, a change manifested by reduced turbidity and
sedimentation, and a commensurately increased heat tolerance.
Hydrogen ion concentration and temperature are integral com-
ponents in the complex reversible equilibria that bear on casein
micelle stability. Casein hydrolysis by proteolytic enzymes or
heat, and the formation of various heat-induce complexes between
casein, serum proteins, and lactose, constitute e sentially irreversible
changes that profoundly alter micellar stability.

Effect of Hydrogen Ion Concentration on Casein Micelle
Stability

In contrast to the milk serum proteins and native proteins
generally, casein is markedly insoluble at its isﬁ)electric point of pH
4.6, a value ascertained by solubility and electrophoretic criteria.
Although, electrophoretically, the isoelectric p{int is rather sharply
defined, coagulation of milk is usually initiated by acidification to
a pH of 5.3, and is complete at pH 4.6. For practical purposes, it
is more appropriate to refer to a region of isoelectric precipitation of
casein. With diminishing salt concentration, the isoelectric point
of casein solutions approaches a limiting pH value of 4.51.272 The
solubility of isoelectric whole casein is of the order of 0.11 gm. per
liter of water at 25°C.#" The isoelectric points of the several casein
components are not identical. The respective values for o-, -,
and v-caseins are pH 4.7, 4.9, and 5.8-6.0.1% Consequently,
acidification of milk to pH 4.6 yields a coagulum of whole casein,
inclusive of the various casein components that comprise the
micelle. The isoelectric point of casein is slightly increased in
heated milk,®:81.3% presumably due to its association with the
denatured serum proteins, and under these conditions the coagulum
constitutes a coprecipitate of casein and denatured serum protein.
Methods employed in the commercial manufacture of casein by iso-



electric coagulation, the properties of casein and its industrial
utilization have been reviewed extensively elsewhere.?¢.38

Under the influence.of increasing hydrogen ion concentration,
the calcium phosphate is progressively dissociated from the micellar
complex. At the isoelectric pH, calcium phosphate is wholly
dissodiated from the casein. Changes in the natural state of disper-
sion of the casein micelles, as a function of hydrogen ion concentra-
tion, have been assessed by ultracentrifugal,?¢.3275.315.316.332,382,388,421
microscopic,!®1¢4 and turbidimetric methods.33—3%.280.429.430  Meas-
urement of the changes in the light reflectance of milk in the
visible spectrum indicate that the mean micellar size decreases
rapidly above pH 6.6, but is relatively independent of pH in the
range 5.8-6.6.3¢ Comparable results are obtained by viscosity
measurements on milk which evidence only slight variation in the
pH range 5.3-6.7, with a faint minimum at the natural pH of 6.6.
However, large viscosity increases on the alkaline or acid side of
this relatively stable pH zone constitute evidence of extensive
micel{ar dispersion, and aggregation respectively.’®? Turbidi-
metric measurements of the coagulation of milk under progressively
increasing hydrogen ion concentration,??%-4% further concur with
the measurements made by reflectance and viscosity methods.

The acidity of milk varies with the individual cow and the stage of
lactation, but predominantly as a result of lactic acid developed by
bacterial metabolism of the lactose. The normal pH range of
pooled fresh cow’s milk is 6.4-6.8, with an average titratable acidity
range of 0.145-0.165%,. At this acidity level, the casein in milk is
not intrinsically heat coagulable, withstanding 100°C. for upwards
of twelve hours. However, its susceptibility to heat coagulation
increases sharply with increasing hydrogen ion concentration and, at
a de%loped lactic acidity of 0.257%,, coagulation may .be spon-
taneously initiated at temperatures as low as 82°C. With further
acidity development to levels of 0.35, 0.40, 0.50, and 0.57%, the
spontaneous coagulation temperatures decrease to 65, 38, 23, and
18°C., respectively.?! The pH of milk may be lowered to the
normal isoelectric region without incurring coagulation of the casein,
if the temperature is maintained near 2°C. during acidification.?
Zittle et al.®®? measured the coagulation rates of casein in buffer
solutions containing calcium chloride, at pH 5.4-5.6, as a function
of temperature. Turbidity changes, assessed by a light extinction
procedure, indicate that different buffers are without specific
effect on the aggregation process.

The distinctive insolubility of casein in the isoelectric region, and



the susceptibility of its solutions to precipitation by multivalent
cations, are properties related to the fine structure of the protein
molecules. Casein as an amphoteric electrolyte derives its charge
principally from the dissociation of its amino and carboxyl groups,
which occur as a complex function of pH, temperature, ionic strength,
and solvent composition. The phosphorus bound to casein, pre-
sumably as a phosphoric ester of the amino acids serine or threonine,
is ionogenic and also contributes materially to the total charge on
casein. In the isoelectric state the oppositely charged groups in
casein are balanced by equal dissociation, and the net free charge
is eliminated. On the alkaline side of its isoelectric point, as in
fresh milk, the negatively charged groups of casein predominate,
evidenced by its mobility toward the anode un%ier an applied elec-
trical field. The converse situation prevails [n casein solutions
acidic to the isoelectric value.

Solubility as well as a number of other propetties including solu-
tion viscosity, hydration, and swelling generally evidence minimum
values in isoelectric protein solutions. The nearly total loss of
solubility incurred by casein is evidenced by few native proteins
in the isoelectric condition. The residual solubility that isoelectric
proteins maintain is generally ascribed to reten ion of a sufficient
degree of hydration to prevent molecular association and coagula-
tion, in the absence of a net electrical charge, For casein, this
residual hydration is inadequate to prevent coagulation. The
affinity of a protein for water would be expected to parallel a high
content of charged groups, and generally, pr?teins with higher
dissociation constants do exhibit greater solubility.” Though the
proportion and distribution of polar and nonpglar groups should
largely determine the solubility of a protein, no reliable correlation
of structure with solubility has been established. Considering the
ratio of ionic to nonpolar groups as a measure of polarity, Mc-
Meekin?*? calculated that a-casein with 291 ion}c groups and 965
nonpolar groups per 10° gm., is potentially about twice as polar as
B-casein with 219 ionic groups and 1567 nonpolar groups, contained
in an equal weight of casein. Relative polarity determinations
by Hipp et al.!*s based on the ratio of protein solubility in 509
alcohol to the solubility in water, concur with those derived from
structural analysis. However, marked insolub lity at their re-
spective isoelectric points is characteristic of the several casein
components, even though their amino acid composition differs con-
siderably.’ Furthermore, a-casein aggregates much more readily .
than g-casein although it bears a higher net charge.?! The higher



net charge of o-casein, evident from compositional analysis, is
borne out by its higher electromobility values on both alkaline
and acid sides of its isoelectric point. These results suggest that
charge interactions may therefore be of less consequence to casein
than is generally proposed for the coagulation of other proteins. 1432
Waugh? proposed that the insolubility of casein may be more
readily rationalized on the basis of the formation of thermally stable
bonds, through interaction of a relatively few large nonpolar side
chains, than through the more widely postulated charge interactions.
In support of this proposal, calculations for the ratios of large non-
polar side chains to the total number of side chains for several pro-
teins, including casein, are advanced as a basis for comparing their
relative potential for such nonpolar side chain interactions. Ac-
cordingly, a-casein evidences the highest ratio, of 0.47, based on
frequency of occurrence of the nonpolar side chains contributed by
such amino acids as valine, leucine, isoleucine, and proline. For
B-casein, p-lactoglobulin, serum albumin, and tropomyosin the
ratios decrease to 0.37, 0.32, 0.29, and 0.24, respectively.*3?

The sdlubility of casein, in the absence of multivalent cations
with which it forms micelles, increases sharply at pH values above
the isoelectric point. This occurs as a consequence of the in-
creasingly negative net charge acquired by progressive anionic
dissociat%m, and the commensurate increase in hydration. Casein
can be extensively solubilized as an alkali caseinate, forming stable
solutions that are highly ionized and of considerable viscosity.
The alkaline earth caseinates, such as calcium caseinate, are by
contrast coarse colloidal dispersions of lower degree of ionization
and hydration, coagulable by heat and rennin. The respective
base binding capacity of casein for sodium hydroxide and calcium
hydroxide is given by Sandelin®* as 6.7 X 10—* and 7.5 X 10~*
equivalents per gram at pH 7.0. Though alkali solubilized casein
is highly hydrated and dispersed, the persistence of molecular ag-
gregates sensitive to temperature and pH is revealed by ultra-
centrifugal sedimentation analysis.® Von Hippel and Waugh+2!
observed that isoelectric precipitation effects changes in casein that
lead to more stable aggregates in its solutions, than is evident in
casein directly solubilized without exposure to the isoelectric condi-
tion. Such soluble casein, prepared from skimmilk by total re-
moval of calcium at pH 6.6, 5°C., exists as polymers whose complete
conversion to monomers is attained at pH 12.0. These mono-
mers are characterized by an average sedimentation value Sy°
of only 1.18 X 10-13 sec. Calculations derived from their dif-




fusion coefficient value, D,,° = 7.11 X 10-7 ch/sec., a partial
specific volume, v = 0.731 and the Sx° value cited, indicate an
average monomer molecular weight of 15,000. The monomer-
polymer equilibrium is pH and temperature dependent, and com-
pletely reversible. Readjustment of the pH from 12.0 to 7.0 re-
stores the ultracentrifuge pattern characteristic of the polymer
aggregates of the soluble casein. At temperatures near 0°C., g-
casein persists as a monomer of 1.3 S while the q- asein polymers
attain a sedimentation constant of approximately 5.8 S. Interac-
tion of «- and B-caseins to form a polymer complex occurs with
increasing temperature at pH 7.0. Evidence of such an interaction
is deduced from the disappearance of the B-peak, and formation
of polymers whose sedimentation constants increase from 4.4 S
at 4°C., to 9.3 S at 32°C.421.43

Effect of Electrolytes and Temperature on the Stability of
the Caseinate Dispersion

The salt components of milk, of primary significance to the
stability of the caseinate dispersion, are calcium, magnesium,
citrate, and phosphate. These are distributed in both soluble and
colloidal form, and maintained in a highly labile equilibrium with
the caseinate complex. The addition or withdrawal of any of these
salt components initiates a redistribution that alters stability.
Equilibrium is further influenced by the hydrogen ion concentration
and by temperature. Of the total calcium in milk, averaging 125
mgm9%, (0.03M), approximately two-thirds is colloidally dispersed
and one-third is held in true solution. Ionic calcium, at a level of
0.002M, comprises less than ten per cent of the total calcium in
milk while the bulk of the calcium is retained in nondissociated
complexes with the phosphate, citrate, and protein components.
Under the influence of increasing hydrogen ion con entration, the
calcium phosphate is progressively dissociated and at a pH value of
5.2, substantially all the calcium and phosphate is soluble. In-
creasing temperature, on the other hand, drives calcium phosphate
into the colloidal state, owing to the inverse temperature-solubility
property of the salt and its near saturated condition in milk. The
size of the caseinate aggregates in milk is increased by the addition
of calcium and reduced by ion exchange removal of calcium or by
the introduction of a number of calcium sequestrants such as phos-
phate, citrate, oxalate, fluoride and ethylenediamine tetraace-
tate.23,35,67,421.433—435

Changes in the size dispersion of the caseinate micelles as a



function of salt balance, pH, and temperature variables are evi-
denced by altered centrifugal sedimentation rates, light reflectance
properti}s, and viscosity changes. Within normal ranges of pH,
salt, and protein content, the micellar size dispersion is nominally
affected by temperature. From changes in the light reflectance
of milk, Burton3s-# concluded that increasing temperatures up to
50°C. effect a gradual increase in the mean size of the caseinate
particles, which is reversible on subsequent cooling. Nichols et
al.? deduced from optical analyses that changes in the caseinate
dispersion of milk, heated at temperatures up to 95°C., are negli-
gible. %ecreasing nitrogen sedimentation rates in milks heated in
the range of 88°-~100°C., imply a moderate disaggregation of the
micelles%“'“2 However, the extent of such change in the micellar
dispersion is obscured by simultaneous changes in viscosity, micellar
hydration, and density, and the interactions incurred between
casein and the denatured serum proteins. Under conditions of
high temperature-short time heat treatment (HTST), some degree
of micellar aggregation is apparent.i® HTST heat treatments,
comparable to those employed in milk sterilization (82°C.-30 min.
preheat, 150°C.-2 sec. sterilization heat), cause an increase in the
ultracej(t)rifugal sedimentation constant to a value of 2,277 X 1013,
from 440 X 10-13 for the raw milk control. These sedimentation
values, measured a few hours after heat treatment, decrease, on
storage at 37°C. for 71 days, to 948 X 10-'3, indicative of partial
disaggregation. Hostettler and Imhof,!s by . direct observation
with the electron microscope, concluded that the casein micelles
in milk, heated to boiling for short periods, remain essentially
unaltered in size and shape. However, disaggregation becomes
evident when the heating period at 100°C. is extended to 15 min.
The coagulation of fluid milk by heat would not, therefore, appear to
relate to any direct influence of increasing temperature, but rather
to secondary changes in the milk system incurred by sustained
exposure to high temperatures.

Waugh and associates??!:43 have demonstrated that changes in
the caseinate dispersion in milk, due to alterations in calcium,
phospa}jte, and pH, derive from a reversible equilibrium between
centrifugable micellar casein, and a soluble casein portion of less
than ten per cent of the total. The addition of 0.07M calcium
chloride to skimmilk at 5°C. converts substantially all the soluble
casein into centrifugable micelles.?:42! The soluble casein in milk
occurs as monomer and small polymer units of the casein com-
ponents. A fivefold dilution of skimmilk with water, or saline




solution, effects a threefold increase in the no centrifugable casein,
a result compatible with the qualitative observations that dilution
of milk causes micellar disaggregation, as viewed in the electron
microscope.'*? Micellar disaggregation norm lly incurred by dilu-
tion can be averted by restoring the calcium concentration. The
equilibrium level of soluble, noncentrifugable casein is also tempera-
ture dependent. A residual level of 69, soluble casein is found in
skimmilk centrifuged at 20°C. for 180 min. (50,000 g), while at
4°C. the soluble casein level increases to 15 9. b

The progressive addition of calcium to milk greatly increases
micellar size and sedimentation rate of the ca ein, and reduces the
stability of the milk to heat. This effect is a plified by increasing
temperature and pH, and suppressed by calci complexing anions
or increasing alkalinity. Since the addition of salts such as calcium
chloride simultaneously lowers the pH of the milk, the coagulating
effect must be considered a composite result of the increase in both
calcium and hydrogen ion concentration. D’yachenko® s reports
that a maximum casein particle size is Fttained at 25°C.,
at a pCa value of 1.5, representing the negative logarithm of the
calcium ion concentration. At this pCa, co gulation is incurred
at a temperature of 40°C., while at a pCa vahl of 2.0, the coagula-
tion temperature is raised to 80°C.

Milks of abnormally high natural calcium ion ¢ ncentration, a defect
related to irrational feeding practices, malnutrition of the cow or defec-
tive soil and pasture conditions, have been studied with respect to
calcium variation and heat stability. This type of abnormality,
originally observed in occasional samples of Netherlands milk, is
manifested by an unusual susceptibility to coagulate on boiling and
has been termed the Utrecht defect. Such milks| normal in respect to
bacterial count, acidity, and general composition, possess a higher
concentration of ionic calcium. ! '

Coagulation of casein is generally incurred by the addition of
significantly lower concentrations of cations of increasing charge.
Its coagulation by monovalent salts, such as ammonium sulfate or
sodium chloride, requires half and full saturation levels, respectively.
Coagulation of this type, classified as a salting-put effect, relates to
a reduction in the  solubilizing interactions between the water
molecules and polar groups of the proteins. Calcium and other
polyvalent ions, however, interact strongly with casein, generally
with a considerable loss of solubility. At pH {alues below the iso-
electric point, where casein as an ampholyte bears a predominantly
positive charge, calcium binding is negligible. Conversely, on the



alkaline siﬁe of the isoelectric point, calcium binding by the nega-
tively charged casein increases progressively in apparent relation
to the increasingly available binding sites.

Attempts to correlate casein coagulability with the extent or
reversibility of calcium binding have not yielded definitive results.
Conclusions relative to the increased calcium binding capacity of
rennetted casein (paracasein), drawn by some investigators, do
not appear to be justified on the basis of more recent work.s 417,418
Calcium Jinding measurements by equilibrium dialysis®s” suggest
a possible correlation between irreversible binding of calcium and
coagulation of casein. Calcium binding, by «, 8, and whole caseins
at pH 7.2, exhibits complete reversibility until visible coagulation
is incurred, while kappa free o-casein appears to bind calcium
irreversibly at this pH. Increasing ionic strength attenuates
calcium binding, suggestive of electrovalent or ionic type bonding. 33

The binding capacity of whole casein for calcium, measured at
pH 7.0, is 7.5 X 10-¢ equivalents per gram casein, according to
Sandelin.?** Tessier and Rose** find a maximum of 38.5M calcium
bound per 10° gm. casein at pH 6.95, by analysis of the ultrafiltrate
separated from colloidal casein-calcium hydroxide suspensions.
Relatively minor changes in binding capacity are observed over the
temperature range of 25°-93°C. These investigators report a
decline in the dissociation constant of calcium caseinate, upon
aging of the dried casein used in the analytical determination for
calcium bi;Pding. The dissociation constant pK = 4.52, of freshly
prepared freeze dried casein at pH 6.95, declines at least 0.6 units
during the first month and then continues to recede more slowly to
a final pK value of 3.0 over several months of storage. This
observati(;‘% is of interest with respect to a prior disclosure by
Nitschmann et al.? that dry casein, during protracted storage,
becomes progressively sensitized to calcium, eventually .acquiring
the properties of a rennetted casein. Tessier et al. further note a
higher calcium affinity of freeze dried casein over commercial or
solvent dried caseins. pK values for aged, freeze-dried casein:
generally concur with those reported by other investigators. pK
values of 2.66, 2.39, and 3.34 have been measured by membrane
electrode,” ultracentrifugal, and equilibrium dialysis*' methods
respectively.

The coazulation of calcium caseinate dispersions by heat bears
a general qualitative similarity to that of the natural micellar dis-
persion ina:ilk, with respect to the influence of pH, salt concentra-
tion, and temperature. However, colloidal dispersions of calcium



caseinate generally exhibit lower heat stability’ than the micellar
casein of milk. The coagulating effect of heat on caldium caseinate,
under conditions excluding structural changes in t casein, may
partially reflect its decreasing solubility with diminis ing ionization.
The heat stability of colloidal dispersions of casein i calcium hy-
droxide solutions exhibits a dependency on the ratio of soluble
calcium to soluble phosphate, as well as the degree to which the
casein is saturated with calcium, % In the pH range 6.5-7.5, at
calcium levels above 7.5 mM/liter, the heat stabili y of colloidal
calcium caseinate bears an inverse relationship with the degree to
which the casein is saturated with calcium. With increasing bound
calcium values, representing 71, 82, 97, and 999, saturation of the
casein at pH 7.5, heat stability values decrease from 26 to 16.5, 1
and 0.5 min. respectively. The heat stability of complex casein
suspensions, containing added phosphate, bears an inverse relation-
ship to the ratio of ionic calcium /soluble phosphate. '

Zittle et al.*8 found that viscosity of two per cent calcium caseinate
dispersions, heated to 90°C. for one hour, increases at|calcium con-
centrations exceeding 0.012M, due to formation of colloidal casein
precipitates. A viscosity decrease on aging, indicative of partial
resolution, bears analogy to the inverse solubility-temperature
relationship of calcium phosphate. At calcium concentrations
lower than 0.012M , heated calcium caseinate solution develop an
opalescence that is substantially reversible on cooli g. Typical
solubility relationships of heated calcium caseinate systems are
reproduced in Fig. 58.
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In an extension of these studies, Zittle and associates®!-42 have
assessed the influence of a number of variables, including pH,
temperature, and salt concentration on the rate of aggregation of
calci caseinate dispersions. The aggregation rate curves for
calcijlx:]l caseinate at lower temperatures, 25°-35°C., are comparable
to those reported by D’yachenko® % but the maximum aggregation
stated to occur at 0.01M calcium concentration could not be con-
firmed. At a fixed pCa the rate of aggregation of casein increases
rapidly with decreasing pH values, a relationship implying decreased
hydration of the protein aggregate. Rate changes in the aggrega-
tion of calcium caseinate as a function of temperature are charac-
terized by high temperature coefficients of similar magnitude to
those reported by Berridge-2* for the rennin clotting process.
Temperature coeflicients for ten degree intervals, calculated from
the Arrhenius equation, are 19 for whole casein and 14 for a-casein.
The rate of aggregation is further influenced by the ratio of calcium
to cagein. At a calcium concentration sufficient for maximum
charge neutralization of the casein molecule by calcium binding,
the rate becomes a function of the protein concentration.

Mugh of the research on the stability of milk, as evidenced by the
preceding survey, constitutes an empirical assessment of the in-
fluence of many interrelated variables on the dispersion of both the
natural caseinate complex in milk, and simulated calcium caseinate
Recognition of the heterogeneity of whole casein, and
particularly of the a-casein fraction, has added a new dimension to
our understanding of casein micelle stability and of the coagulation
process. Waugh and associates have disclosed, in a series of re-
markably incisive experimental studies on the components of casein,
the dominant influence of their polymer interactions on micellar
stabili y_421,422,433—435

Casein Polymer Interactions and Micelle Stability

Numerous concepts have been advanced to accommodate ob-
servatjons relating to both the natural stability of the casein micelles
in milk, and their marked susceptibility to clotting by traces of
rennetting enzymes. One proposal held that the more hydrophillic
serum proteins may function as protective colloids for the casein, s 4!4
but this has proved inconsistent with the stability of serum protein-
free milk,*® and with the demonstrated specificity of rennin toward
casein, The electro-kinetic potential and water binding properties
of caseinate dispersions, although intensively studied, have afforded
meager insight into the stability characteristics of milk. The




destabilization of calcium caseinate sols by. calgium chloride has
been attributed to a decrease in zeta potential, while coagulation
by rennin has been viewed primarily as a dehydration process,
with a subordinate decrease in potential.’'?.120 Based on measure-
ments of the zeta potential of caseinate sols as a function of protein
and calcium concentration, a critical value approaching —10 mv.
was proposed as a minimum potential required for the stability of
a 2.5% dispersion at 30°C. and pH 6.6. However, changes in
water binding by casein, as a function of varied processing condi-
tions, show little consistent correlation with micellar stability. The
susceptibility of milks to coagulation by alcohol also evidences poor
correlation with changes in bound water.322 Fur hermore, process
treatments that stabilize milk to coagulation effect no consistently
related change in the bound water content.

The aggregation of calcium caseinate with ircreasing calcium
concentration has been attributed to cross linkages established by
the divalent calcium,*?#¢ presumably by initial binding at the
phosphoric and free carboxyl groups of the casein. Attempts to
correlate rennin clotting with changes in calci binding by the
paracasein have, however, led to conflicting results.’.417.415  Eilers”
considers that the calcium caseinate in milk is comparable to that
of an incipient coacervate in which the colloidal c¢aseinate assumes
a less highly charged condition by the formation| of a double salt
with tricalcium phosphate, but still sufficiently solvated and stable
toward further flocculation. Similarly from the dispersion charac-
teristics of calcium caseinate sols in urea solution, it has been
concluded that the aggregation of casein micelles evolves from a
diminished charge and hydration of calcium caseinate.2 Such
aggregation is believed to be induced by an ionic charge effect
rather than by calcium cross linkage. Waugh and von Hippel4ss
stress the fact that “the casein micelle population| in milk is stable
although the micelles are highly polydisperse, extremely variable
in the number of polymers per micelle, with the smallest of micelles
estimated to contain thousands of casein monomers.” Waugh?3+
therefore rejects the proposal that stability of the caseinate dis-
persion evolves from hydration and electrostatic interactions, a
view that would be acceptable only if the caseinate micelles were
sufficiently insoluble to deprive the larger micelles from growing at
the expense of the smaller ones. This is held untenable since the
micellar casein components have been demonstrated to be in
equilibrium with the noncentrifugable, soluble casein components
in milk.4?1.43¢  Alternatively, he has proposed that casein micelle




stability must derive from specific polymerization interactions of
the individual components of casein, moderated by the ionic environ-
ment|and temperature.

Early evidence of casein heterogeneity,?:2*t based on solvent
fractionation, directed attention to the possibility that one of the
compponents of whole casein might exercise a protective colloid effect
on the complex. With great insight, Linderstrom-Lang,?** as
early |as 1929, conceived that the clotting of milk by rennin could
involve the modification of some specific protective component
in the casein complex, thereby exposing a calcium sensitive
residue to the coagulating action of the serum calcium. With the
advent of electrophoretic analysis, three components, designated
a-, B+, and ~v-caseins, of distinctive electromobility values, were
identified and suitable fractionation methods were developed for
their [recovery and characterization.!4—147.256 258 382,431 That the
8- and y-components in whole sodium paracaseinate remain intact,
while the «-component evidences a partial split electrophoretically,
was demonstrated by Nitschmann,: and Cherbuliez and co-
-4t Emerging evidence of the further possible heterogeneity
of a-casein has served to focus attention on this complex as the
potential source of a protective component. However, assignment
of the|protective colloid role, postulated by Linderstrom-Lang, to
the a-casein, proved uncertain due to conflicting evidence relative
to the specificity,4.252 and hydrolytic function?® of rennin. Pyne, 328
referring to the fact that o-casein is the major component of whole
casein, |stressed the inadequacy of its characterization as a protective
colloid) The percentage of the presumed protective fraction was
estimated to be less than 209 of the whole casein. ¢

Waugh et al., in a succession of publications initiated in
1955,421.433-435 disclosed the isolation and characterization of a
component from the o-casein fraction, designated «-casein, which
bears very substantial evidence of functioning as a key micelle
stabilizing factor, and as the primary site of rennin action. K-
casein constitutes, by preliminary estimates, approximately one-fifth
of the |total «-casein complex.4 Accordingly, the relative con-
centrations of the casein components are tentatively re-estimated
as 55%| a, 30%, B, and 159, x-casein. o-casein, free of the k-com-
ponent, has been designated o,-casein. «-casein occurs as polymer
aggregates in solution at pH 7.0, with a sedimentation constant of
approximately 13.5 S, dissociating reversibly at pH 12 to monomers
of 1.3 S

Mole¢ular weight - values currently assigned to the monomer




forms of a, 8-, and «-casein components are 23,300|,434 24,100,%2 and
16,300, respectively. The phosphorus content of purified «-casein
isolated by Waugh (0.199,), is very appreciably less than that of
either o;-casein (1.19%, P), or B-casein (0.619, P), but its electro-
phoretic mobility is comparable to that of a,-casein.

Isolation of an appreciably enriched «-casein fraction from its
natural complex with a,-casein was accomplished by subjecting
soluble casein preparations to the action of 0.25-0.4M calcium
chloride at 37°C.433-43% At these relatively high calcium con-
centrations, approximately 8 to 13 times the level in skimmilk,
the a,-« complex tends to dissociate. The a.-casein, deprived of
the protective influence of «-casein, precipitates together with
p-casein, due to their insolubility, while «-casein| which is extra-
ordinarily insensitive to calcium is retained in the supernatant.
Briefly, the fractionation entails a centrifugal recovery of the casein
micelles from skimmilk at pH 7, re-solution with added citrate,
followed by dialysis. The resulting calcium-fred soluble protein
has been termed first cycle casein and its solutions, upon addition
of 0.25-0.40M calcium, yield an insoluble precipitate termed second
cycle casein. This precipitate consists of calcium|as-caseinate and
calcium gB-caseinate while the supernatant “fraction-S” is pre-
dominantly «-casein. Through further refinements, «-casein prep-
arations of approximately 909, purity, established by ultracentrif-
ugal and electrophoretic criteria, have been prepared.

Considerable insight into the composition and|stability of the
casein micelle is afforded by Waugh’s investigations into the polym-
erization interactions of these fractionated a-casein components
The essential disclosure resulting from such studies lies in the fact
that an apparently stoichiometric interaction between as- and «-
casein, in a preferred ratio of 4:1, leads to the formation of stable
micelles in the presence of calcium at 37°C. This favored ratio is
equivalent to the estimated natural distribution of the «, and «-
caseins in milk. In the absence of calcium, polymer complexes
between o, and «-caseins are formed, rather than micelles, but the
same ratio prevails in either case. The polymer interaction in the
absence of calcium is characterized ultracentrifugally by the dis-
appearance of the individual sedimentation peaks of «.- and «-
caseins and their replacement by a single «.-«x casein polymer
complex with a sedimentation coefficient of 7.5S. |At low tempera-
tures, e.g., 2°C., the complex formed from mixtures of «,- and «-
casein appears to be unstable and dissociates on addition of calcium
to yield a precipitate of calcium a.-caseinate. Hpwever, the a,-«




comﬁlex at 37°C., forms micelles upon addition of calcium, that
retain their stability on subsequent cooling to 2°C., or on further
addition of calcium. Waugh infers from the temperature de-
pendence of the system that “only at the higher temperature does
the structure of the a,-« casein complex permit the incorporation
of calcium into stable intra-complex ion bridges, presumably by
saturation of those calcium binding sites that would otherwise
engage in inter-complex association.” 4%

The formation of stable micelles requires the presence of an ade-
quate amount of «-casein and further depends on the sequence of
introduction of the casein components and calcium, pH, temperature,
and fonic strength of the system. Mixtures containing an excess
of ajcasein over the preferred ratio to x-casein, precipitate in the
presence of calcium. Without «-casein, combinations of the
several other components merely form precipitates, in accord with
their| solubility values in calcium solutions. The solubility of «,-
casein in gm. per liter of 0.03M calcium is, according to Waugh,*s:
0.03 |and 0.17, at 4°C. and 37°C., respectively. S-casein, whose
solubility is highly temperature dependent, is soluble at 4°C., but
at 37°C. its solubility is reduced to only 0.2. In contrast, x-casein
is fully soluble over the reported temperature range, forming poly-
mers| of uniform size with a sedimentation coefficient of 13.5 S,
uniquely stable to calcium and ionic strength as well as temperature.

A minimum calcium concentration of 0.03M is required for the
spontaneous formation of stable micelles 'in solutions containing
a:- and «-casein mixtures (weight ratio of 4), dialyzed skimmilk,
or first cycle casein, at pH 6.5-7.0 and 37°C. Precipitates con-
sisting largely of «,-casein form as the calcium concentration is
i sed beyond 0.05M, and attain a maximum at 0.25M calcium.
Micelle formation, as evidenced by the development of opalescence
upon|addition of the cation to first cycle soluble casein solutions,
is initiated at a threshold concentration specific to the divalent
cation. The median divalent cation concentrations effective for
micelle formation at 37°C., pH 6.5-7.0, are for calcium, copper,
strontium, and barium, 0.03M, zinc 0.007M, and manganese
0.015]/.433 Magnesium appears uniquely incapable of micelle

notably greater stability to their «,-«x complexes. The
complex diluted in the presence of magnesium does not,
therefore, exhibit the extensive dissociation evident in comparably
diluted systems containing calcium.



While the casein components are individually susceptible to
conversion by rennin to their respective para caseins, the unique
changes in the properties of the rennetted kappa component im-
plicate it as the primary site of enzymatic clotting.*3* Its rate of
conversion by rennin to para-k-casein is very significantly greater
than those of «,- and B-caseins and is compargble to the clotting
time for skimmilk. Of primary significance, |the calcium sensi-
tivity pattern of the several casein components|is sharply reversed
upon conversion by rennin to their paracasein|form, and para-«-
casein acquires a singularly high insolubility the presence of
calcium. Furthermore, para-«-casein is devoid of micelle stabilizing
capacity, but addition of intact «-casein to previously renneted
casein restores its ability to form stable micelles with calcium.

Waugh+¢ visualizes a tentative structure fpr the .-« casein
complex, based on available evidence, that comprises three «,-
casein molecules positioned peripherally around a single kappa
molecule, in longitudinal alignment as in a cluster of four rods
(see Fig. 59). Projection of an end segment of the central «-casein
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F1G. 59. PROPOSED STRUCTURE OF a;—+-CASEIN

molecule, which is considerably shorter than the surrounding a.-
molecules, is further visualized as providing the requisite access
by rennin. The primary polymer formation is|assumed to derive
from formation of hydrogen bonds, and interactions involving the
abundant nonpolar side chains on the casein molecules. The phos-
phate groups on the three peripheral o, molecules, conceived to be
brought into alignment by the primary interaction of the «- and
as-caseins, could form a highly stabilized structure by cross linkages
formed through calcium.



A number of investigators have advanced evidence in confirma-
tion of |the presence of a calcium insensitive, «-casein component
in the « complex, and have further expanded upon its composition,
properties, and interaction with renneting enzymes.?.2% 38 The
isolation and partial characterization of additional minor calcium
insensitive casein components from the o complex, attests to the
remarkable heterogeneity of casein.?%-223 A \-casein component,
isolated by Long et al.,2* was estimated to constitute only 15-209,
of a crude k-casein preparation. While \-casein appears to bear some
superfigial resemblance to x-casein, it is reported to contain 1.189,
phosphorus and, in contrast to x-casein, shows no visible reaction
with rennin. While further research on the resolution of casein may
enlarge/upon the number of identifiable components, and may indeed
divulge|ladditional polymer interactions as anticipated by Waugh,*s3
the role of «-casein as the essential micelle stabilizing element. ade-
quately accommodates currently available evidence.

The |emerging breakthrough in the colloid chemistry of the
caseinate micelle represents a resource, for future research and
dairy product technology, of inestimable value. Its immediate
impact| on the rennin clotting mechanism, a process so vital to
cheese |technology, is already evident in the extensive research
underway to probe the structure of «-casein and the macropeptides
released from it during clotting. Furthermore, the disclosure of a
stabilizing component critical to casein micelle stability must in-
evitably lead to a reassessment of the various technological problems
in which milk product coagulation is either an asset or a detriment.

A few of the more important problems, in which the chemistry
of x-casein as a micelle stabilizing component could conceivably
be at issue, bear mention at this point. Is the micelle stabilizing
capacity of «-casein altered by process treatments involving heat,
concentration, prolonged storage, freezing and dessication, and are
such changes related to the heat and storage stability of the milk
products? Do the benefits derived from forewarming of milk,
with respect to improved heat tolerance of its concentrates, relate
ay to heat induced stabilizing interactions between «- and
, or with the denatured serum proteins? To what extent
al variations in the content and distribution of x-casein
relate to the variable stability of milk products during
processing and storage? And finally, how does the electrolyte
balance influence the polymer interactions of «-casein, under process
conditions that alter the stability of milk?




MILK PROTEIN DENATURATION

The preceding section has dealt largely with the equilibrium re-
actions that contribute to the stability characteristics of the caseinate
dispersion in milk. However, the imposition of] numerous irre-
versible changes in the milk system, by a variety of applied process
treatments, is frequently a decisive factor in the|stability of the
milk colloids. Heat sterilization of concentrated milk, for example,
may simultaneously evoke a partial dephosphorylation of casein,
denaturation of the serum proteins, assorted interac¢tions among the
lactose, casein and serum protein constituents,| an increase in
acidity derived from multiple sources, and partjally irreversible
changes in the salt equilibria, all of which bear on the coagulation
process to varying degrees. Such induced changes, further super-
imposed on the natural variability in milk composition, contribute
to the unpredictability of its colloidal stability| These factors
frequently obscure the underlying cause of coagulation, and anom-
alous results are not uncommon. Accordingly, | no satisfactory
correlation, has yet been made between the heat stability of milk
and its analytical composition, nor is it possible on the basis of
available data, to predict the heat stability of a concentrate from
the stability of its fluid milk. Although heat treatment of fluid
milk imparts stability toward clotting enzymes, as well as higher
heat stability on subsequent concentration, it lowers the stability
of both fluid and concentrated milks to freezing. Similarly, di-
sodium phosphate, as a calcium sequestrant, effectively improves
heat stability and is, therefore, indispensible to the manufacture of
evaporated milk, but it lowers the storage stability of frozen fluid
milk and HTST sterilized milk concentrates.

Increasing hydrogen ion and multivalent catioh concentrations
generally imply lower stability to heat, but in anomalous instances,
the reverse is true. Furthermore, divalent cations lower the heat
stability of concentrated milks, but markedly improve resistance
to storage gelation, when added to milk concentrates after HTST
sterilization.

An inocuous primary change in an otherwise stable milk colloid
system may initiate a series of complex interactions that culminate
in final coagulation. Thus, the absorption of approximately five
per cent moisture, by a stable milk powder, initiates a phase
transition of amorphous lactose to the crystalline hydrate, and a
Maillard type interaction of the lactose with the casein, succeeded
by degradative changes in the complex, brown pigment formation,
appreciable increase in acidity and eventually, a total loss of protein




solubility. Similarly, the massive crystallization of lactose in
frozen milk, as a result of submicroscopic crystal nuclei generated
during processing, freezing, and storage, has been shown to initiate
a coagulation process ultimately involving the total caseinate dis-
persion. As a final example of such stability interdependence in
the milk system, it is worth noting that homogenization, which is of
negligible direct consequence to the caseinate micelle, nevertheless
effects a substantial decrease in the stability of milk to heat, salts,
alcohd|, etc., through adsorption of the casein at the vastly increased
fat globule—serum interface. It is therefore apparent that any
appraisal of the stability of the caseinate dispersion must contend
with the specific changes in the casein and serum components
elicited by the various process treatments. Such irreversible
changes, the most prominent of which are denaturation and hy-
drolytic alterations of the proteins, will now be considered in detail.

Properties of Denatured Proteins

The|solubility of proteins is reduced by denaturation, a process
generally regarded as any modification of the native protein struc-
ture, exclusive of primary covalent bond hydrolysis. The in-
creased reactivity of specific groups of denatured proteins, *.52.119,205, 278
changes in the hydrodynamic properties of their solutions,?2s 119
and increased accessibility to proteolytic enzymes? 19.119.133,228
provide substantial evidence that denaturation of globular proteins
constitutes an unfolding of their normally folded polypeptide chains.
As a consequence of such structural changes as are incurred by
denaturation, protein molecules generally acquire more hydrophobic
properties,'*! evidenced by reduced solubility and heightened sensi-
tivity to electrolytes. A slight increase in the isoelectric point?71.311
and generally small changes in the electrochemical and hydration
properties of the proteins are evoked by denaturation.!s!

The large increase in specific viscosity of denatured protein
solutions is generally attributed to the increased assymmetry of the
unfolded molecules rather than to increased hydration or molecular
aggregdtion.?®.3% In fact, the release of water observed in some
denatured proteins by dilatometric measurement of volume con-
traction,!*? and the general loss of hydrophilic properties, are in-
consistent with any concept of increased hydration.

An allteration of molecular weight is by no means an invariable
consequence of denaturation.”® The coagulation of denatured
protein|is a distinctly secondary effect¢z— involving the formation
of intermolecular linkages by groups which are displaced to the




surface of the protein by the unfolding process. Interaction of
denatured molecules has been variously' ascribed [to salt linkages
between ionic groups of the protein,®-132.22 interaction of nonpolar
amino acid residues,!¢!.2%.321.474 hydrogen bond formation,*? and
sulfide linkages..99.174.191 ' Waugh*3? has stressed that ‘‘the random-
ization of molecular structure resulting from denaturation should
afford a lower degree of complementation of polar| groups than is
possible in the native state.” This is held inconsistent with the
prevalent view that the characteristic insolubility of denatured
proteins is derived primarily from intermolecular jsalt bridges be-
tween ionic groups. The significance of nonpolar group inter-
actions of denatured proteins was advanced by Wu* and supported
by a number of investigations.2:6.321.432  Eilers™ attributes the lower
stability of denatured milk protein dispersions to the nonpolar sur-
face groups, devoid of charge and hydration, which provide available
sites for aggregation through van der Waals’ attragtive forces.

Casein Denaturability

The insolubility of ‘“‘native” casein at the isoelectric point, its
sensitivity to coagulation by electrolytes, and registance to con-
ventional denaturing processes, has led several investigators to
regard casein as an inherently denatured protein, McMeekin??
cited several important criteria that tend to charagterize casein as
having the properties of a denatured or unfolded molecule. The
specific rotation of casein, [«]3, is —101° at pH 6.9, a value that
remains constant for casein isolated under neutral, acid, or alkaline
conditions. The optical properties of the casein also remain un-
modified by heat treatment or exposure to 5M guanidine hydro-
chloride. In contrast, McMeekin demonstrated a specific rotation
increase in g-lactoglobulin solutions from —43? to —80° by
heat denaturation at pH 8.5, and an increase to —114° by guanidine
hydrochloride denaturation, optical rotation changes typical of
proteins subjected to denaturing treatment.0*

The susceptibility of casein to fairly rapid proteolytic digestion,
without preliminary denaturation, further conforms |to the behavior
of denatured proteins.®:222 The viscosity and streaming bire-
fringence of its solutions indicate that casein is an elongated mole-
cule, possessing a natural assymetry attained by other proteins
upon denaturation. The resistance of casein to all attempts at
crystallization has been advanced as additional evidence. Hal-
wer,'V in an attempt to measure the molecular weights of « and
B-casein by light scattering, observed a dependence of apparent




molecpilar weight on the electrolyte concentration of the casein
solution and assessed this to be the attribute of a denatured mole-
cule. Wright**® inferred from the identity of racemization curves
of casein from raw and autoclaved milk, that casein is essentially
unaltered by normally denaturing temperatures.

Effect] of Nonenzymatic Hydrolysis on the Stability of
Casei ‘

The hydrolytic cleavage of peptide and phosphate bonds in
casein, resulting from enzymatic or rigorous heat treatment of
milk, is not conventionally classified as a denaturation process.
However, structural changes of this hydrolytic type exert such
profound influence on the stability of the caseinate complex that
it is esgential to consider, in detail, their contribution to the coagula-
tion of milk.

Relatively minor changes occur in the nonprotein nitrogen
(NPN) during pasteurization or HTST sterilization of
‘milk.18.259.357.363  Belec and Jenness' ascertained that a-caseinate
solutions heated at 135°C. hydrolyze slightly more rapidly than
those of whole or g-caseinate, attaining a nitrogen release level of
5% in |20 min., and approximately 159, in 60 min., at pH 6.7. A
moderate increase in the NPN fraction of HTST sterilized milk
during| storage has been attributed to a gradual breakdown of
B-casein.'® The increase in NPN is maximal at 37°C. Reactiva-
tion of|a g-casein specific protease in milk is suggested as a possible
cause for the hydrolysis noted. ;

Under rigorous heat treatment, casein evidences substantial
hydrolysis with respect to nitrogen, and particularly phosphorus.
Howat| and Wright!®*.1"t found 159, of the nitrogen released as
small fragments in neutral sodium or calcium caseinate solutions
heated [for five hours at 120°C., complete dephosphorylation of the
sodium| caseinate, and 859, dephosphorylation of the calcium
caseinate system. The base binding capacity ot dephosphorylated
casein fis lower than that of unheated casein, at pH 6.9. This
difference in base binding capacity is nearly 10— gm. equivalents
of alkali per gram of protein, representing a 169, decrease in the
base binding capacity of the heat dephosphorylated casein. In-
solubilization of three per cent calcium caseinate solutions at pH 6.9,
heated in the range 90°-115°C., is accompanied by a pro-
portionate dephosphorylation of the casein (Fig. 60), presumptive
evidence that the coagulation and phosphate release may be related
reactions. The reaction velocity for both dephosphorylation and
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Line represents common points for 50 %, protein coagulation
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coagulation increases threefold for each ten degree rise in tempera-
ture. However, phosphate does not appear to

parable studies on phosphorus liberation from casein in milk co-
agulated under various time-temperature conditions, similarly
led Torboli*! to conclude that casein coagulation is related to de-
phosphorylation. The P/N ratio of casein isolated from milk,
heated for 90 min. at 120°C. to the point of coagulation, decreases
from 0.056 to 0.033.3® Studies of casein dephosphorylation by
Belec and Jenness!® extend to conditions more nearly|approximating
those of normal heat process treatments. Dephosphorylation of
both sodium caseinate and the casein in skimmilk, heated at 110°—
140°C., conforms to first order kinetics with an energy .of activation
of 25-29 kcal/mol. Therate of dephosphorylation is almost identical
for a- and B-caseinates and is independent of pH in| the range 6.0—
7.0. Twofold concentration of skimmilk increases the rate of de-
phosphorylation, while preheating at 90°C. for 10 jmin. decreases
the rate by 20-259%,. The observation that crystalline egg albumin
acquires precipitability by multivalent cations, but loses heat
coagulability when phosphorylated, constitutes an interesting
analogy to the casein system.!#4



Effect of Enzymatic Hydrolysis on the Stability of Casein

ild enzymatic proteolysis of casein renders it highly susceptible
to coagulation by multivalent cations. The remarkable degree to
which casein can be so sensitized is demonstrated by the fact that
rennet concentrations of only 1 part in 5 million of milk will initiate
clotting.#.16.392 At subclotting enzyme levels, the effect of in-
cipient proteolysis is still manifested by a substantial decrease in
the |stability of the milk to heat, freezing, and concentration as
well|as to the addition of salts and alcohol. Tarassuk and N ury 39
demonstrated that a marginal hydrolysis, resulting from the ex-
posure of evaporated milk to only 0.003 ppm crystalline pepsin
at 3°C. for one hour, effects a measurable reduction of the heat
stability. Increasing levels of enzyme activity progressively reduce
heat| stability as shown in Fig. 61.
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Enzyme exposure, 1 hr. at 3°C.

Incipient proteolysis, involving modification of primary structural
linkages prior to generalized peptide bond hydrolysis, merits con-
sideration as a protein denaturation process. The concept of
enzymic denaturation of proteins, as the primary phase of pro- -
teolysis, was first advanced by Linderstrom-Lang et al.2» The
conversion of fibrinogen to fibrin, in the blood clotting process, is



effected by the enzyme thrombin which has been
tion as a ‘“‘denaturase,” catalyzing the cleavage o
tween folded peptide chains.#8 Similarly, the
optical rotation changes produced in native a
B-lactoglobulin by trypsin and urea has been con
- evidence that denaturation by enzymes may
proteolysis.
tween heat and rennin coagulation of casein.?2.123.59%
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The organic phosphorus in casein, recognized as a critical site
for calcium binding and interpolymer complexing, has attracted
considerable interest as a pivotal factor in enzymatic coagulation.
Whether hydrolysis of a critical phosphorus linkage is involved as a
primary function in the enzymatic coagulation of casein, remains



problematical. Available evidence indicates that the phosphorus
probably occurs as a single monoester type of linkage in @, 8, and
whole| caseins.154.186.314  This current view is in contradistinction to
earlier conclusions that the phosphorus is distributed in a-casein
as phpsphomonoester, mixed phosphoamide ester, and pyrophos-
phate|ester linkages, and in g-casein as the phosphodiester, based
on phosphatase enzyme specificity toward the several casein sub-
strates.312.315 It seems probable that the organic phosphorus in
casein| is bound to the hydroxyl groups of serine or threonine, since
these amino acids have been identified in phosphopeptides released
by hydrolysis of casein.!4.15431¢ Some degree of dephosphoryla-
tion of casein may occur in milk due to the activity of milk phos-
phat The rates of dephosphorylation, of both calcium sensitive
a-casein and whole casein, by native milk phosphatase at the opti-
mum |pH range of 6-7, are comparable.#”® Its capacity for de-
phosphorylation exceeds 809, of the available phosphorous in
casein| Enzymatic dephosphorylation shifts the isoelectric point
of casein toward the more alkaline side. 3+

Phosphoamidase  activity, attributed to rennin, pepsin and
chymgtrypsin on the basis of their capacity to hydrolyse the P-N
bond in N (P-chlorophenyl) amidophosphoric acid, has led to the
proposal that hydrolysis of this linkage may precede general pro-
teolysis as the primary step in the clotting process.!5°.160 Although
subsequent attempts to confirm phosphoamidase activity on this
substrate or toward casein have proved negative,2:2.313 Berridge?!
maintgins that a single phosphate bond could conceivably be
broken with the phosphorus atom remaining attached to casein
through alternate groups. Early studies on dephosphorized casein3+!
dating| back to 1926, held it to be noncoagulable by rennin, but
able upon rephosphorization with phosphorus oxychlo-
Hsu et al.* demonstrated that the rennin coagulation
f casein previously dephosphorylated with potato phos-
phatase increases with the level of dephosphorylation. However,
uncertainty as to the organic phosphorus structure in casein, as
well as|to the phosphatase activity of milk clotting enzymes, renders
interpretation of the primary mode of clotting action, or analogies
drawn between heat and enzymatic clotting, purely speculative.

Althpugh the specific structural bond that is altered during
enzymatic clotting remains obscure, it appears that the essence of
the clotting process constitutes elimination of «-casein’s micelle
stabilizing capacity. The essential role of «-casein in rennin
clotting is embodied in Waugh’s#¢ disclosure that «x-casein is




rapidly converted to the paracasein form, losing

209, of its molecular weight, and attaining thereby a }
to calcium. The conversion of a,- and B-casein to t
paracaseins occurs only 10-2%* and 102 times as r3
relative conversion rates furthermore indicate that
interval normally required for milk clotting, the «-¢
to be the only component converted to a paraca

Waugh demonstrated that the micelle stabilizing

casein is completely dissipated by exposure to ren
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phorus, [galactosamine, galactose, and sialic acid (N-acetylneuraminic
acid and N glycollyl neuraminic acid) according to Jolles et al.!s3
The sialic acid portion apparently occupies a terminal position,
since 80-909, hydrolysis is attained through the action of neur-
aminidase. The peptide released from «-casein contains a glucid
content|of 28.29,, representing 749, of the total in whole casein.
Comparative end group analysis of «-casein and paracasein by
Wake, % suggests that the rupture of a peptide bond may not be
involved in the primary enzymatic clotting action.

In the emerging picture of the rennin clotting mechanism, the
glycomacropeptide appears to endow «-casein with unique stability
attributes, by virtue of its unusually hydrophilic composition.
If the stability of the caseinate dispersion in milk hinges upon the
key stabilizing interactions of k-casein, then the loss of an essential
macropeptide, as the result of enzymatic hydrolysis, would consti-
tute the principle mechanism for the clotting of milk. Incipient
proteolysis of casein, insufficient to cause overt clotting, is accom-
panied by a loss of micellar stability under the influence of a variety
of coagulating agents. Although the casein coagulated under these
conditions may not exhibit the general attributes of a paracasein, it
is reasonable to assume that a limited but measurable alteration of
k-casein | could nevertheless be involved. Since intensive heat
treatment, or prolonged storage of sterile milk may evoke a partial
activation of casein, by hydrolytic changes comparable to those
induced |by incipient enzymatic proteolysis, a comparative study of
the changes in the «-casein in such systems appears desirable.
Indeed, the likelihood of spontaneous structural changes occurring
in the absence of proteolytic intervention is strengthened by evidence
that casein does sustain a large increase in calcium sensitivity,?2ss
and an altered calcium binding capacity,?* over protracted storage
periods. Quantitative measurement of changes in the micelle
stabilizing capacity of x-casein now appears feasible, and the
assessment of such changes in HTST sterilized milk concentrates,
which exhibit spontaneous gelation during storage, constitutes a
challenging research objective.

Serum Protein Denaturation

The denaturation of the milk serum or whey proteins profoundly
modifies|the course of milk coagulation and the rheological properties
of the curd formed by acid or enzymes. When milk is heated to
serum protein denaturing temperatures it generally acquires, in



addition to a cooked flavor, an increased heat stability fgllowing con-
centration, a reduced colloidal stability when frozen and a resistance
to clotting by rennin. Such changes are of practical significance in
the production of cheese, milk powder and concen rated milk
products.

The serum proteins constitute approximately 0.69, of the milk or
20% of the total milk protein. The composition of the serum
protein fraction, based on electrophoretic analysis®® is approximately
55% p-lactoglobulin, 129, a-lactalbumin, and 109 “proteose-
peptone.” The composition of the serum protein is subject to more
marked variation than the casein, particularly in relation to the
lactation cycle. In contrast to casein, the native serum proteins are
soluble at their isoelectric point. When denatured, their solubility
in the isoelectric region, or in salt solutions, is greatly diminished and
under these conditions the serum proteins will coprecipitate with the
casein.

The heat stability of concentrated milk is materially increased if
the fluid milk is subjected to a heat treatment before condensing.
This forewarming process is essential to the stability of evaporated
milk during sterilization, and much of the benefit has been ascribed
to heat modification of the serum proteins,332.344.573 a5\ well as to
favorable changes in the salt balance.?:t.5s It has been generally
maintained that if the serum proteins are not extensively denatured
in the fluid milk, where aggregation is restricted, their subsequent
denaturation during sterilization of the concentrate will cilminate in
extensive aggregation and reduced heat stability. Attention has
also been drawn to the role of serum proteins in the heat ¢oagulation
of milk by the exceptionally low heat stability of colostral milk,
which bears a high proportion of serum proteins.’1.349.373.42  How-
ever, research on the role of serum proteins in the heat coa gulation of
normal (noncolostral) milks, has generated conflicting evi-
dence. 156.268.330,343,346,347,575.452  This will be considered further in the
section on heat coagulation.

Kinetics of Serum Protein Denaturation

Normally, the dispersion of the serum proteins in milk is not
appreciably modified by heat denaturation, as evidenced y the fact
that very sizable centrifugal forces are required for their sedimenta-
tion from heated milk.7.78.332.33¢ If their charge is subsequently
neutralized by acidification or by the addition of salts, the|denatured
serum proteins will coprecipitate with the casein. H wever, in
colostral milk coagulation may occur on heating if the globulin



content is in excess of approximately one per cent, a level attained
in-approximately 60-84 hr. following parturition.3+®

The combined serum proteins in whey were found to be maximally
heat precipitated at pH 4.5 by Okuda and Zoller,?* and at pH 4.75-
4.80 by Rowland.*! When the denatured serum proteins in heated
milk are coprecipitated with the casein by acidification to pH 4.7, a
of about 769, of the total soluble protein nitrogen is
coagulable. Slightly less serum protein nitrogen (709,) coagulates
when casein free whey at pH 4.7 is boiled.®! The heat coagulable
protein fraction of milk serum is predominantly globulin and al-
bumin. The noncoagulable fraction has been termed ‘“‘proteose-
peptone.” Saturation with sodium chloride generally coagulates a
larger proportion of the total protein than isoelectric precipitation
of heated milk,'?* probably by inclusion of a portion of the proteose-
peptone fraction. Larson et al.2’® compared acid and salt precipita-
tion methods and observed consistently higher salt precipitation
values for serum protein denaturation in the temperature range
63°-90?C. Quantitative estimates of the total heat labile serum
protein|content by sodium chloride saturation therefore tend to run
measurably higher. . When estimated by the salt saturation method,
93-959, of the serum proteins of milk is denatured by heat treatment
at 80°C. for 45 min.!2¢ ’ o

The loss of solubility of heat denatured serum proteins, when
acidified or saturated with sodium chloride, has served as a useful
criterion for kinetic studies of the overall denaturation process in
milk. arly methods of analysis, based on acid precipitation,
adequately demonstrated that the threshold temperature for initia-
tion of serum protein denaturation was slightly above the general
region of pasteurization conditions. For complete denaturation, heat
treatments at 77.5°C. (1 hr.), 80°C. (30 min.), and 90°C. (5 min.),
have been cited.?.9.1%.3%52  Subsequent refinements introduced in the
measurement of serum protein denaturation rates enabled Row-
land3*® {o obtain smooth curves for serum protein denaturation as a
function of temperature, with values ranging from 10.4 to 28.0%, in
milk heated at 63°-70°C. for 30 min. Although the energy of
activation and the order of reaction could not be precisely calculated,
Rowland demonstrated that the thermal coefficient of 1.5 per 1°C.,
in this [temperature range, was of the high order of magnitude
generally observed for protein denaturation. Similar time-tempera-
ture equivalents for the denaturation of the combined serum proteins
in skimmilk, determined by Harland et al.!* using the salt precipita-
tion method, are shown in Fig. 62. In the temperature range 62°-
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Fic. 62. THE HEAT DENATURATION OF THE
PROTEINS IN SKIMMILK

Data from Harland|et al.1%
ERUM

80°C. the relationship of temperature to time for a ¢onstant level of
serum protein denaturation is semi-logarithmic. A temperature
increase of 7.5°C. reduces the time required for a fixed level of de-
naturation ten fold (“Z” value of 13.5). Again heat treatments
required for the pasteurization of milk are clearly below serum
protein denaturing conditions.

In the high-temperature short-time range (Fig. 6 ), the relation-
ship for equivalent serum protein denaturation becomes cur-
vilinear.!2 At 80°-90°C., the Z value is approximately 19 and in-
creases further at higher temperatures. The percentage of total
serum proteins denatured is about ten per cent lower than indi-
cated in Fig. 63, since a maximum of 90.39, of the sérum proteins in
the milk was found denaturable. Comparable, |but somewhat
higher rates of serum protein denaturation in the h gh-temperature
short-time range were measured by Hetrick and |Tracy.!4! De-
naturation of albumin and globulin cannot be detected when the
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F1G| 63. SERUM PROTEIN DENATURATION, MEASURED BY
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heat properties are required, respectively. Excessive| heat treat-
ment of milk for use in conventional cottage cheese manufacture re-
sults in coprecipitation of the denatured serum proteins with the
acid casein curd, and a loss of desirable curd tension properties.26?
Coprecipitation in cottage cheese milk offers an important potential
means for increasing curd yield®! but special care must be used in
setting, cooking, and handling the curd.%®* On the other hand, milk
processed for bread baking must receive a sufficiently high heat
treatment to inactivate unidentified factors responsible for gluten
breakdown, extreme dough extensibility, and poor loaf vol-
ume. 112,207,210 For satisfactory bread loaf volume, the milk must be
subjected to a minimum heat treatment of 69°-74°C. for 30 min.z2
Milk processed for commercial bread baking is generally heated in
the range of 85°-100°C. :

The use of denatured serum protein values, to assess the heat
treatment of milk products, is most satisfactory when |the original
total serum protein content is known, because the [serum pro-
tein content of milk is subject to considerable varjation. An .
extensive survey of the serum proteins in milk by Harland et al.1?
disclosed sizeable variations in both concentration and denatur-
ability. The range of such variations, which appear to be related
primarily to regional and breed differences rather than seasonal
effects, is indicated in Table 92, reproduced from values published by
Harland et al.'” Wide variations were observed in the precipi-
tability of the serum proteins in 81 milk samples heated at 74°C. for
30 min. A close correlation between the amount of protein de-
natured and the total serum protein content is evident. The
absolute amount of serum protein denatured shows a closer correla-
tion with the total serum protein content than do the percentage
denaturation values. Such variability of denaturation| rates prob-
ably reflects distribution differences in the serum proteins, as well
as in the ionic composition of the milk.

The denaturation curves for the individual serum protein com-
ponents, obtained by quantitative electrophoretic analysis of the
serum from heated milk, place immune globulins, serum albumin,
B-lactoglobulin and o-lactalbumin in order of increasing resistance
to heat denaturation. The relative denaturability ofl the serum
protein components, measured electrophoretically by Larson and
Rolleri,?? is reproduced in Fig. 64. The complete setum protein
denaturation curve represents a composite of the individual serum
protein denaturation curves, and the total extent of denaturation
for the heat treatments indicated conforms to the values reported




TABLE 92

VARIATIONS IN THE DISTRIBUTION AND HEAT LABILITY OF THE SERUM PROTEINS IN
COMMERCIAL BULKED MILK®

Standard
Deviation
(Single
Determina-
Component? Range Mean tions)
Serum protein N

(Rowland method)
Total, mg./ml 0.82-1.48 1.04 0.12
Heat labile; mg./ml 0.60-1.10 0.76 0.08

Serum protein N

(Harland| Ash-

worth method)
Total, mg./ml 0.62-0.91 0.76 0.06
Heat labile] mg./ml 0.55-0.85 0.66 0.06
Sulfhydryl (iodoso-

benzoate), meq./ml 0.19-0.44 0.30 0.16
Casein N, mg./ml 3.49-6.02 4.31 0.47
Nonprotein N,

mg./ml 0.23-0.42 0.31 0.04
Total protein N,

mg./ml 4.52-7.28 5.35 0.54
Total nitrogen,

mg./ml 4.82-7.70 5.66 0.56
Solids nonfat, 9, 8.11-10.55 9.25 0.47

¢ Survey of 81 samples. From Harland, Coulter, and Jenness.127
® Data calculated on basis of skimmilk.

elsewhere.126.207.5%0  Heat treatment of skimmilk at 70°C. for 30
min. denatures only 69, of the a-lactalbumin, but 329, of the g-
lactoglobulin, 529, of the serum albumin, and 899, of the immune
globulins, representing cumulatively, 299, of the total serum pro-
teins. Consequently, with increasing heat treatment the composi-
tion of the undenatured proteins in milk serum will vary, increasing
in the most heat resistant component, the a-lactalbumin. Over one-
half the total o-lactalbumin in milk is able to withstand 77°C. for
30 min., a heat treatment sufficient to denature the serum albumin
and immune globulin fractions completely.

Denaturation of B-Lactoglobulin

B-lactoglobulin, comprising 40609, of the serum protein fraction,
dominates the course of serum protein denaturation. The heat
denaturation curve for the total serum protein content of milk is
closely related to the denaturation curve for the g-lactoglobulin
fraction.*®* Heat denaturation of p-lactoglobulin, at pH 7.0,
involves at least two processes, the first of which is initiated at
temperatures in excess of 65°C. and is not accompanied by electro-
phoretic changes.? However, a limited aggregation does occur, in
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Fic. 64. THE DENATURATION OF THE TOTAL AND
INDIVIDUAL SERUM PROTEIN COMPONENTS IN MILK
HEATED AT VAR10US TEMPERATURES FOR 30 MIN.

is primary phase of denaturation, leading to a fourfold particle
’ight increase and a higher frictional ratio. The activation nergy,
suming first order kinetics in the temperature range 70°-75°C., is
lculated to be 48,000 calories. A secondary change, occurring at
wer temperatures, leads to the formation of unlimited aggregates
th an electromobility higher than that of native g-lactoglobulin.
slow 70°C., at pH 6.9, u-0.1, this reaction is second order with an



activatizg energy of approximately 28,000 calories. The tempera-
ture coeflicient between 60° and 70°C. is 3.6, but at 75°C. the reac-
tion is retarded, and at 99°C. entirely suppressed. This secondary
aggregatipn process appears to be influenced markedly by the
electrokinetic potential of the primary denatured protein particles.
Jenness'® confirmed the transformation of g-lactoglobulin to a
form of higher electromobility when heated alone, or in unfrac-
tionated serum protein mixture. The velocity of denaturation of g-
lactoglobulin is pH dependent and is further influenced by the ionic
composition of the protein solution. Alkali denaturation of g-
lactoglobulin, evidenced by progressive increase in optical rotation,
proceeds slowly at pH 8.25 and increases at higher pH values.
Based on optical rotation change, the denaturation process is uni-
-molecular at pH 8.0-10.1, the rate being inversely proportional
to the 1.1 power at 25°C. The velocity constant for denaturation
at these pH values (borate buffer) is in substantial agreement with
, mined by insolubility at the isoelectric point. Although
heat and jurea denaturation of g-lactoglobulin have been reported to
be reversible,*-2%> the alkali denatured protein does not appear
capable of reversion to the native form as judged by optical rotation
changes, solubility, or crystallizability.1?* The rate differences noted
complement the view of Briggs and Hull?® that g-lactoglobulin de-
naturation involves two distinct processes. The first stage, as-
sociated with increases in optical rotation and elaboration of sulf-
hydryl groups is the most rapid and appears to be reversible. This
process may be succeeded by irreversible changes in which the
denatured protein acquires insolubility at the isoelectric point.
The denaturation reaction retains first order characteristics in the
pH range 5.09-8.58, at temperatures of 30°—67°C., as measured by
isoelectri¢ insolubility.?”* Groves et al.'® could only partially con-
firm for |B-lactoglobulin denaturation, the concept that protein
denaturation is associated with amino group ionization.

The mplecular weight of g-lactoglobulin has been generally ac-
cepted 35,000.%0.118.255.362 T jght scattering and sedimentation
measurements*? indicate that the molecular unit, in the isoelectric
range, is a dimer of g-lactoglobulin with fundamental units of 18,000
molecular weight.  Electrophoretic inhomogeneity of g-lacto-
globulin has been noted by several investigators.28.317.399  Agchaf-
fenburg and Drewry,® by working with the milk of individual cows,
were able to classify the g-lactoglobulins, electrophoretically, into
A, B and |AB forms, demonstrating that the variations are of genetic
origin. @-lactoglobulin-B exists principally in a monomeric form at




pH 3.7-5.2. The observed association of B-lactoglobulin in this pH
range is attributed to g-lactoglobulin-A which occurs as a polymer.
The A form is the faster moving electrophoretic co ponent at pH
4.65.%** The pB-lactoglobulin-B denatures at a considerably faster
rate than the A component at 67°~75°C., in a pH 6.86 phosphate
buffer, ionic strength 0.1.17 The greater susceptibility of the B
component to denaturation is evidenced with respect to liberation
of sulfhydryl groups, precipitability at pH 5.0, and increased optical
rotation, applied as criteria of denaturation. Energies of activation
for the A and B forms of g-lactoglobulin are 65.6 and [77.1 keal./mol,
respectively. Differences in the rate of conversion| of the native
protein to the primary denatured forms appear to account for the
observed differences in the denaturation properties of the two
lactoglobulin components. Denaturation rates for the two forms in
milk yield results comparable to those obtained for buffered solutions
of the proteins.

An important manifestation of protein denaturation is the in-
creased reactivity of specific groups resulting from structural modifi-
cation of the protein molecule. The activation of su hydryl groups
is one of the most readily detectable of the chemical changes ac-
companying denaturation.42%.32 A number of reagents, including
o-iodosobenzoate, thiamine disulfide, iodoacetate and p-chloro-
mercuribenzoate etc., have been introduced for th quantitative
estimation of sulfhydryl (—SH) activity in denatured protein.
Their application to studies on the milk serum proteins has been
surveyed by Jenness!® 18! and Coulter et al.5! B-lactoglobulin, the
dominant sulfhydryl bearing component of the se proteins!76.205
possesses an estimated four —SH groups per mole on the basis of a
cystine equivalent- of 1.3%, and a molecular weight of 36,000.
Sulfhydryl group activation by heat has been associ ted with the
origin of cooked flavor as well as the antioxygenic properties of
heated milk.50,125,176.483

Larson and Jenness?¢ applied the o-iodosobenzoate method to a
kinetic study of the heat activation of the sulfhydryl groups in
crystalline g-lactoglobulin. In the temperature range 64°-75°C.,
—SH groups are activated according to a first order reaction with an
activation energy of 80,000 cal./mol. This activation of sulfhydryl
groups may parallel the primary denaturation phase,? but insuf-
ficient data are available for confirmation of this relationship. There
is a general correlation of sulfhydryl activation and denaturation as
measured by solubility loss of the serum proteins in heated milk. 2"

The aggregation and precipitation of heat denatured B-lacto-




globulin, in the presence of calcium ions, is highly pH dependent.
Zittle et ¢l.#"-4 observed a progressive decrease in the calcium ion
‘concentrdtion required to precipitate heated g-lactoglobulin as the
pH of its| solution is lowered. The interaction of calcium at nega-
tively charged carboxyl sites on the protein molecule may reduce the
net charge to zero and render the protein isoelectric, with consequent
insolubility. In support of this view, Zittle observes that g-lacto-
globulin treated with formaldehyde or nitrous acid shows greater
tolerance for calcium than the unmodified protein. The loss of
positively charged amino groups through such chemical modification
results in an increase of both the net negative charge and the req-
uisite calcium concentration for precipitation. The precipitation
of 0.99, g-lactoglobulin, in calcium solutions heated at 90°C. for 30
min., occurs at 0.0018, 0.0027, and 0.0031 moles calcium chloride/
liter at pH values of 6.7, 7.4, and 8.2, respectively. The calcium
precipitation threshold is less than doubled at a 1.8, protein level.
Although the calcium ion concentration in milk is normally adequate
to accommodate the precipitation requirements of the g-lactoglo-
bulin, the denatured serum proteins in heated milk do not coagulate
to any appreciable extent. This is generally construed as evidence
of a heat induced interaction between lactoglobulin and casein.
Attempts to determine the effect of heat on the dispersion of the
serum proteins in milk have been thwarted by the analytical dif-
ficulties involved in differentiating denatured serum proteins from
the casein with which they tend to co-migrate electrophoretically,
and coprecipitate isoelectrically. Phosphorus and sulfur partition
studies of heated lactoglobulin-casein mixtures,* and milk,™
failed to disclose any significant complex formation. Ultramicro-
scopic examinations of rennet whey also suggest that the number of
ultra-microns is not increased appreciably on total denaturation of
the serum proteins.” Identical conclusions concerning the disper-
sion of‘u%rum proteins have been inferred from ultracentrifugal
nitrogen sedimentation analyses of heated milk (100°C., for 10 min.),
at 28,800 X g.* However, Edmondson and Tarassuk’ maintained
that in order to discern any cosedimentation of the denatured serum
proteins with casein, the centrifugation conditions must effect
nitrogen sedimentation in excess of the total casein nitrogen content.
On this basis, it was demonstrated that at least 339, of the de-
natured serum protein nitrogen in heated centrifugal whey (88°C.
for 15 min.) could be sedimented at a force of 26,000 X g in 30 min.
It has also been observed that nitroprusside reactive sulfhydryls,



associated with the casein in heated milk are supercentrifuged in
proportion to the casein sedimented.

Unequivocal evidence of altered dispersion of the serum proteins
in heated milk, has been provided by the experimental investigations
of Sullivan et al.¥3 The supernatant nitrogen in centrifuged milks
"was observed to decrease sharply in milks heated at 71°-137°C. and
centrifuged immediately at 113,000 X g for 2 hr. (Fig. 65). Under
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Fic. 65. VARIATION oOF SUPERNATANT N ITROGEN IN
HEATED SKIMMILK CENTRIFUGED IMMEDIATELY AND AFTER
CooL-AGING AT 3°C.

Average centrifugal force, 113,000 X g for 2 hr. ilk was
tubular heated for 1 min. hold time at the designatied tem-
peratures.

these conditions substantially all the centrifugable casein is removed.
Heat treatment at 104°C. effects a maximum change. A 339,
reduction of supernatant nitrogen under these conditions is equiva-
lent to centrifugation of 929 of the total nitrogen in the milk. On
cool aging after heat treatment, rapid equilibria shifts tend to restore
the supernatant nitrogen to an intermediate value. This “hys-
teresis” effect appears to level off in approximately 24 hr. In a
correlated experiment, 629, of S% labeled whey proteins, incor-
porated in milk prior to denaturing heat treatment, was recovered in
the ultracentrifugal sediment, which contained on}y 509, of the

casein. Whether the denatured serum proteins sediment more
rapidly through intermediate aggregation, or interaction with the
caseinate complex, was not resolved.



Additional evidence of milk protein interaction has been derived
from electrophoretic studies of heated milk and model protein
systers,8?.260.274,366,400.406  Although interaction of g-lactoglobulin
and casein is negligible in normal skimmilk,*¢ Fox et al.*** observed
a distinct association of the two proteins in reconstituted commercial
skimmilk powder, examined electrophoretically in the pH range
5.5-8.5 at T/2 = 0.02 and 0.1. - g-lactoglobulin tends to migrate
with the a-casein component when heat denatured, forming a com-
plex which cannot be resolved electrophoretically at either pH
6.86 or|2.45.290.4%6  The complex is of lower electromobility than that
of unheated or heated B-lactoglobulin, or unheated «-casein.
Electrophoretically, the tendency for the a-casein peak to increase
at the apparent expense of the lactoglobulin component in heated
milk, similarly implies complex formation.3%.40.46  The addition of
a sulfhydryl blocking reagent, such as p-chloromercuribenzoate, to
skimmilk before heat treatment prevents changes in the electro-
phoretic patterns normally associated with heat induced complex
formation between the a-casein and g-lactoglobulin.** The rennin
clotting rate of milk is suppressed by heat treatment due to a
modification of the ionic equilibrium3!¢-32¢ and formation of a com-
plex between g-lactoglobulin and casein. Moir?+.2% demonstrated
a progressive decrease in the serum protein nitrogen of rennet
whey from milks pasteurized at increasing temperatures. The
correlated increase in rennin time was attributed to a “precipita-
tion” of the denatured serum proteins on the caseinate micelles,
restricting the access of rennin enzyme. Involvement of the milk
serum proteins in the prolongation of rennin clotting of heated milk
has been substantiated by Kannan and Jenness.’® The rennin clot
time of the calcium caseinate complex separated from milk is con-
siderably prolonged if the complex is heated at 85°C. for 36 min. in
the presence of added g-lactoglobulin. The clot time is further
lengthened as the p-lactoglobulin concentrations are raised.
Separate heat treatment of the individual components does not
modify the rennin response of the caseinate complex, and serum
protein constituents other than the g-lactoglobulin do not evidence
this interaction.

A specific interaction between heated «-casein and g-lactoglobulin,
disclosed by Long,?3* may have important bearing on the mechanism
of the forewarming process, and on the suppression of rennin clotting
of heaEd milk. In 1:1 mixtures of these proteins in solution at pH

6.5, interaction, as evidenced by electrophoretic pattern changes, is
initiated at approximately 65°C., increasing to 159, at 70°C., at-



taining a maximum of 83, at 85°C., and declining slightly to 769

at 99°C. Values for percentage interaction refer
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with denatured g-lactoglobulin. Fox?® observed s
an interaction above 66°C. between g-lactoglobulin and a calcium
soluble casein fraction, presumably containing «-casein. - Whether
this interaction of g-lactoglobulin with x-casein constitutes the
predominant reaction observed with the a-casein complex, has not
been resolved. That an interaction with the key micelle stabilizing
component can occur so readily, at temperatures widely employed
in various milk processes, appears highly significant and merits
further intensive study.

The occurrence of additional interactions among fthe several serum
proteins has not been adequately explored. Jenness!® noted a
tendency for the various serum protein components to migrate
electrophoretically as a single peak following heat treatment, sug-
gesting the probability of such interactions. Interspecies complex
formation between such protein pairs as casein and horse serum
immune globulin,!"8 22 and g-lactoglobulin and serum albumin,
further attest to the remarkable capacity of the milk proteins for a
multiplicity of interactions.

HEAT COAGULATION OF FLUID MILKS

Mechanism of Heat Coagulation

The serious voids that persist in our knowledge of the equilibria
and compositional changes in milk, at coagulating temperatures,
have thwarted the development of a unified theory of heat coagula- .
tion. The mechanism of heat coagulation is further obscured by the
inconsistent variations in composition and heat stability of different
milks, and even of milks drawn from different quarters of the udder
of a single cow.”” Consequently, no satisfactory correlations have
as yet been established between heat stability and the analytical
composition of normal fluid milks or their concentrates. s 34442

In the strictest sense, casein is not intrinsically a heat coagulable
protein. Its dispersion in normal fluid milk is high?g stable to heat,

and may resist coagulation for upward of 12 hr. at oiling tempera-



tures, and 1 hr. at 130°C. The heat coagulation of casein, in milks
of normal stability, occurs largely as a result of compositional
changes in the milk, incurred by sustained exposure to high tempera-
tures. Of predominant significance, among the effects wrought by
heat, are the increase of acidity, the conversion of soluble calcium
and phosphates to colloidal form, and the induction of interactions,
denaturation, and hydrolytic changes in the protein components.
The impact of such heat effects on colloidal stability is further
amplified in concentrated milks, whose rate of coagulation tends to
increase logarithmically with milk solids concentration.57.44

Salt balance and acidity are generally regarded as two of the most
decisive factors in the heat stability of milk. The low heat stability
of colostral milks is ascribed to a higher ionic calcium level42 and
excessive serum protein concentration.’!29.349.573.452  Noncolostral
milks of inordinately low heat stability. (Utrecht abnormality)
are of normal composition with respect to total calcium and acidity,
but evidence a notably high ionic calcium activity.s® Whereas the
calcium ion concentrations in milks of normal heat stability range
from 2.0 to 3.6 mM/liter of ultrafiltrate as assayed by the murexide
method,* jonic calcium values in milks exhibiting the Utrecht
abnormality range from 4 to 7 mM/liter.>® This defect can be simu-
lated in milks of normal heat stability by the addition of sufficient
calcium salt to elevate the ionic calcium concentration above 4 mM/
liter.® Alkaline pH adjustment, or addition of calcium seques-
trants cj;nstitute effective corrective measures for this heat stability
defect. s60. s61

Pyne3® effectively demonstrated that normal variations in the
heat stalbility of milks relate predominantly to differences in the
composition of their diffusible serum components. This was ac-
complished by dialysis of a series of milk samples, of graded heat
stabilities ranging from 22 to 58 min. at 130°C., against a large
volume of the equally pooled milks, which resulted in a leveling of
their heat stabilities to a common value of 38 min. The “effective
calcium ionconcentration’ as measured by arenneting technique, 32735
was held to bear an inverse relationship to heat stability. However,
White and Davies,*? surveying over 100 samples of skimmilk in an
attempted correlation of chemical composition and heat stability at
various stages of lactation, found no adequate analytical correlation
for individual milk samples. Comparison of average compositional
values for grouped milk samples disclosed a tendency toward low
heat stability in early lactation milks, associated with a high average
composition of albumin and globulin as well as soluble and ionized



calcium. Their correlations for mid and late lactation milks proved
more obscure. However, susceptibility to heat coagulation at all
stages of lactation tended to increase with higher levels of ionized or
soluble calcium, for milks bearing low ratios of colloidal calcium to
casein.

The role of colloidal calcium in the heat stability|of milk has evoked
similarly conflicting evidence. It has been inferred that the pres-
ence of “precipitated” calcium phosphate is like ly to render milk
unstable to heat,?¢!.372 and that the coagulation reaction involves the
transfer of calcium from the protein to triphosp&te.227 A distinct
endothermic change, coincident to heat coagulation, has been cited
as evidence of precipitation of citrate and phosphate salts of calcium
and magnesium.?'”.218 The rate and extent of such salt precipita-
tion, deduced from heat absorption measurements, are depressed in
milks of higher heat stability. Pyne attributes to the colloidal cal-
cium phosphate a significant role in heat coagulation32®.33 a5 well as
in rennin coagulation,’* having observed that the heat stability of
milks, depleted of nearly all their colloidal calcium phosphate, is
almost doubled at 120°C.3% Nevertheless, attempts to correlate
the colloidal phosphate content of milk samples with their heat
stability values have persistently proved unsuccessful.3¢.43
Furthermore, Zittle et al.+* find negligible coprecipitation of calcium
phosphate with the calcium caseinate in heated m del systems, and
note that the addition of freshly precipitated tricalcium phosphate is
without significant effect on the coagulation of calcium caseinate.
They conclude accordingly that pH and available calcium, rather
than complexed phosphate, are the dominant factors in the stability
of the calcium caseinate complex.

The hydrogen ion concentration of milk exerts a most profound
influence on heat stability, but again the relationship is a highly
complex one. The titratable acidity value or PH of milk affords a
generally inadequate basis for projecting its susc ptibility to heat
coagulation.260.344.572.453  The general relationship between adjusted
pH and spontaneous coagulation temperatures of raw skimmilk, as
defined by Miller and Sommer?® is shown in Fig. 66. A high order
of sensitivity to pH is evident for values between 6.2 and 6.4. At
pH values below 6.4, added phosphate tends to displace the curve
toward higher stability, while calcium has the reverse effect. Such
heat stability curves have been found to exhibit a maximum, at
a pH value that appears to be a specific chara'Fteristic for each

milk. 18:333.345,546,373.438  Refined measurements of the pH—heat sta-
bility curves by Rose?#.34 Jocate the maxima for all samples within
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the pH range 6.5-6.7. These values decline to 2 minimum in the pH
range 6.7-6.9 and with further increases in pH the heat stabilities in-
crease substantially. The pH of maximum heat stability was found to
vary between milk samples, and to fall above or below the normal
pH of the milk. Rose’* suggested that the heat stability of milk
may be significantly related to the difference between its normal pH
and its pH of maximum stability. The heat stability-pH curve
appears to be significantly altered by g-lactoglobulin but not by a-
lactalbumin or euglobulin-pseudoglobulin mixtures.

The renowned salt balance theory, formulated by Sommer and
Hart in 1919,%2.373 conceived the heat stability of milk as a function
of the ratio of the concentration of calcium and magnesium ions to
those of phosphate and citrate. The use of stabilizing salts to
enhance the heat stability of milk proved, as an outgrowth of this
concept, to be of inestimable value to the evaporated milk industry.
Howeyver, no rigorous experimental correlation has, as yet, been made
between the heat stability of milks and their concentration of
individual ionic species or of their ionic ratios. Discerning measure-
ments by Rose##:34 indicate that the effect of calcium, phosphate,




and citrate additives on heat stability relates, to a considerable
extent, to the resulting minor changes in the pH of the milk.

The development of a unified theory of heat coagulation has yet to
be realized, but very substantial progress has been made toward
defining some of the highly complex chemical changes in milk that
are elicited by coagulating heat treatments. The eftect of heat on
milk is an essential component of the coagulation|problem and will
therefore be considered at length in the following section.

Effect of Heat on Calcium and Phosphate in Milk

The soluble calcium and phosphate content of milk is reduced by
heat, an effect first noted by Soldner3® and sir:Ee confirmed and
elaborated on by numerous 45.60,114,144,217,218,227,238,243,261,410 investiga_
tors.

The soluble (diffusible) calcium has been estimated by a variety of
methods of phase separation, including renneting, ultrafiltration,
and dialysis. The total calcium concentration [is approximately
30 mM per liter of which 10 mM is diffusible and 2-3 mM is
ionized. 45 144.361,367,411,412,419  Calculating from the dissociation con-
stants of calcium citrate and calcium phosphate, Smeets®*”’ verified the
average ionic calcium concentration of 2.75 mM per liter, as deter-

mined by the murexide method. About 359, of the
milk is in the ionic state, while 55 9, is complexed to ¢
phosphate. Christianson* measured 2.0-2.3 m
0.82-0.85 mM magnesium per liter of milk at 2¢
librium exchange resin method. Both the total
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mediately after heat treatment, and its reversion on cool aging, has
been confirmed by analysis of calcium and phosphorus in centrifuged
milk.”® Although substantial reduction of ionic calcium in milk
heated at 85°-120°C. has been found, agreement is lacking on the
reversibility with aging.® 4 .

Van Kreveld and Van Minnen, 412 using an ion exchange equi-
librium method, found an average of 2.2 mM ionic calcium and 0.8
mM ionic magnesium per liter of bulk raw milk, with little indication
of seasonal variation. The calcium ion concentration is reduced
from 2.0 mM per liter in a raw milk sample, to 1.85, 1.65, 1.50, and
1.40 when heated for 1, 3, 10, and 30 min., respectively, at 95°C.
The effective magnesium ion concentration decreases progressively
from 0.8/ mM in the raw milk, to 0.75, 0.60, 0.55, and 0.45 mM, for
the heat treatments cited. The concentration of both divalent
cations is increased in evaporated milk, but the increment is less
than that for potassium and sodium, implying precipitation of some
of the calcium and magnesium, possibly as the phosphate salts.
This relative departure from the anticipated activity of calcium and
magnesi ion becomes more pronounced with increasing milk
solids concentrations. The combined effect of disodium phosphate
stabilizer and heat sterilization may lower the ionic calcium con-

in evaporated milk 20-409,. The addition of 0.159,
phosphate to raw skimmilk lowers the serum calcium/
total calcium ratio from 31.7 to 21.6%, which is further reduced to
11.6 %, following heat treatment at 88°C. for 15 min.’¢

Since ﬁhanges in the electrolyte composition of heated milk are




conceivably involved in the mechanism of heat oagulation, its
measurement at elevated temperatures constitutes a critical study.
This is particularly so in view of the evidence that heat induced
changes in the salt balance revert on cooling and may escape detec-
tion. Analyses by Rose,%# of ultrafiltrates separated from milk
samples heated at 94°C., establish that the changes in the salt
balance are more extensive than had been anticipated.?#- Ultra-
filterable total calcium and phosphorus, separated from milk at
94°C., is reduced by as much as 50 and 189, respectively over raw
milk controls, while calcium ion concentration sustains a 609, re-
duction. These changes, a function of temperature [level, generally
attain equilibrium within five minutes. Reversion of the salt
balance to within 75-909, of the value for the original unheated
milk occurs on cool aging at 5°C. for 22 hr. Identical measure-
ments on ultrafiltrates of calcium phosphate solutions, and artificial
sera, indicate that the changes in heated milk evolve primarily from
the solubility properties of calcium phosphate, and not from a
modified dissociation of calcium caseinate or calcium |citrate. Since
the calcium ion concentration decreases sharply at higher tempera-
tures, Rose et al.3* reject the assumption that heat cc agulation may
derive from increasing calcium ion activity, due to any assumed
higher dissociation of calcium citrate,®? or increasing acidity at
elevated temperatures.?® The heat stability of milk bears no ap-
parent correlation with the composition of its high temperature ultra-
filtrate, indicating that heat derived changes in the salt balance may
not be the predominant factor in heat coagulation, as generally

assumed.

Partial reduction of the soluble and ionic calcium concentration in
heated milk is attributed to a conversion of soluble calcium phos-
phate to the colloidal state. The partially reversible heat displace-
ment of the equilibrium between calcium phosphate in solution, and
that associated with the colloidal phase, appears to be involved in the
rennin hysteresis effect.2¢4.318.319.324 The state of the colloidal cal-
cium phosphate and its association with the caseinate complex has
evoked considerable dispute,*** having been describ variously as
tricalcium phosphate,77.325.3%.3% dicalcium phosphate‘!® or a mix-
ture of several phosphates.?+331  Van der Burg?! proposed that the
calcium and phosphate may be separately linked to the casein as
discrete groups bound to the charged sites on the protein. The con-
stancy of the Ca/P ratio tends to invalidate the concept that the
calcium and phosphate is independently adsorbed in 4 random com-
position at the basic and acidic sites on the casein.” 2 The distri-




butiow of the colloidal phosphate as a function of casein micelle size
has been the subject of similar dispute. Opposing conclusions hold
that the colloidal phosphate is uniformly distributed,s .91 and that
the larger micelles are richer in colloidal phosphate. 165.352 Pyne and
Ryan,#*! on the basis of a modified oxalate titration for the analysis
of the phosphate salt composition, defined the colloidal phosphate as
88% tricalcium, with the residual 129, probably in the dicalcium
form.

Evenhuis and de Vries® % suggest that recrystallization of the
calci phosphate to hydroxyapatite Ca;(POs)s(OH); occurs in
heated milk, a process that is greatly accelerated if a large surface
area for nucleation is provided, as in the form of inactive yeast
cells.?!  This precipitation and recrystallization process begins at a
temperature of 60°C., increasing rapidly at higher temperatures.
Assuming the phosphate in milk to be recrystallized to hydroxyapa-
tite on heating, the Ca/P ratio of the precipitated phosphate would
be 1.67, a value in agreement with the analysis by van der Burg.3!
Approximately 489, of the casein bound calcium and magnesium is
precipitated with phosphate, in milk treated with yeast cells for 20
min. at 120°C. The calcium in rawrennet whey is readily precipitated
with the denatured serum proteins and does not require the inter-
vention of the foreign yeast cell surface. According to Evenhuis and
de Vries, 10.8, 18.6, 28.3, and 30.09, of the calcium phosphate in
rennet \whey is precipitated at 60°, 80°, 100°, and 120°C. re-
spectively, within 5 min. of heating.® The precipitated calcium
phosphate is highly resistant to re-solution on cooling. It is sug-
gested that precipitation of soluble calcium as the apatite crystal,
presumed to form in heated milk, would leave the milk unsaturated
with respect to calcium and thereby enhance its heat stability. The
beneﬁc%l effects of forewarming have similarly been related to heat
modification of the salt equilibrium. In agreement with the ob-
servations of others,3!19* Pyne’® suggests that the benefit of strong
preheat may originate with detachment of the colloidal phosphate
from it‘} complex with the caseinate, a change comparable to that

noted in the polarograms of barium caseinate-barium phosphate
complexes. 2

The Effect of Heat on the Acidity of Milk

The acidity of milk increases with temperature, .20 partially as a
result of probable changes in the buffer capacity of the milk salts. 2%
Miller and Sommer?® observed that the pH of skimmilk decreases
approximately 0.1 pH for each 10°C. temperature rise, a change that
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coagulation ranged from 5.5 to 6.0, the more rapidly coagulating
samples generally developing the least acidity.’*® The degree of
acidity developed, before heated milk coagulates, appears to be
inversely related to the calcium ion activity, suggesting that de-
veloped acidity may supplement the coagulating action of ionic cal-
cium. On the average, fluid skimmilks with an “‘effective calcium ion
concentraton’ in excess of 4.8 mM per liter, coagulated within 20 min.
at 130°C.3® At coagulation, the pH had been depressed only
0.4 units. Milks containing 4 mM effective calcium ion per liter,
survived 30min.at 130°C. at which time the pH had declined 0.7 units.
At a calcium ion concentration of 3.7 mM per liter, the average milk
withstood coagulation at 130°C. for periods up to 60 min., sustaining
a pH decrease of 1.0 unit. The higher calcium activity presumed to
develop at the lower pH values of heated milk has been advanced as a
supplemental factor in the coagulating action of heat derived acidity,
but Rose et al.34 disproved this assumption by direct analysis of the
ultrafiltrate separated from milk heated at temperatures above 94°C.

Acidity Derived from Heat Deéomposition of Lactose

source of acidity
4,199,266,267,330,455,456
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Thermal decomposition of lactose, as a partial
in heated milk, has been well documented. 108 —110.19
The rate of acid formation has been found proportia
concentration, and the formation of formic anc
heated milk has been correlated with the degree of




sition.!%¥ Formic acid constitutes approximately 579, of the acid
generated in milk heated at 116°C. for 2 hr.103.19 and 759 at 100°C.
for 6 hr.>" The lactic acid produced in milk heated sufficiently to
decompose 259, of the lactose, accounts for less than 59, of the
total acidity.® Whey heated at 116°C. for 2.5 hr. shows only 119,
of the titratable acidity increase produced in comparably heated
skimmilk, although a similar degree of. lactose decomposition is
sustained.

In addition to formic and lactic acids, butyric, propionic, acetic
and pyruvic| acids have been identified chromatographically in
heated milk.!*4.266.27 The total acidity generated in a typical
sample of skimmilk, heated at 100°C. is 78, 133, 288, and 560
microequivalents per 100 ml at 1, 1.5, 2, and 6 hr. intervals. The
heat-derived |acidity may vary considerably with different milk
samples. The total acidity values in skimmilk samples, heated
at 100°C. for 6 hr., range from 361 to 588 . eq per 100 ml, comprising
314-468 of formic acid, 56-153 of acetic acid, 2-40 of lactic acid,
and 4-12 of| pyruvic acid.?” Butyric acid probably originates
with fat hydrolysis, while lactose decomposition or oxidative
deamination of alanine are proposed as possible sources of pyruvic
acid in heated|milk. %0

The presence of stabilizing salts appreciably increases the rate
of acid formation during heating.108.266.27 The addition of 0.59,
disodium phosphate may triple total acid formation primarily
through an increase in the formic, lactic, and acetic acid components.

Acidity gradually develops during prolonged storage of evaporated
milk and dried milk products at moderate temperatures, as a
further consequence of sugar decomposition reactions.s.51.65.136,299
At 38°C. storage, 50-759, of the titratable acidity increase in
evaporated milk is due to formic acid. Lactic acid formation
during storage is negligible.

Acidity Derived from Lactose-Milk Protein Interaction

The development of acidity in heated or aged sterile milk is
accompanied by a brown discoloration, attributed to the formation
of a poorly defined class of high molecular weight pigments termed
melanoidins.51/108.113.135.136.299.30  The weight of experimental evi-
dence supports the view that this browning reaction evolves
from a Maillard type condensation of lactose with the milk
proteins’96,l35,l 6,212,213,215,222,270,296,297,299,301, 303, 307 rather than a cara-
melization of the lactose.!.199 Qrla-Jensen and Plattner?® initially
observed that neither casein nor lactose solutions browned when




heated separately and proposed that an interaction is responsible
for color formation in heated mixtures. Ramsey et al.3* postulated
that a Maillard interaction, between the aldose group of the lactose
with the free amino groups of casein, is the primary source of color in
heated milk. Patton and Flipse! isolated a colorless, labile
complex of lactose and casein capable of browning when exposed to
heat. The browning of fluid milk, and acid development from ther-
mal decomposition of lactose, are not significant below 80°C. under
the usual pH conditions of milk,32-113 although sugar-protein
complexing can be detected.!!!.115.301 With increasing concen-
tration, temperature, and pH, the rate of browning and acidity
formation is markedly enhanced.32:51.136.209.54 Jn the 95°-120°C.
temperature range, the Q, for the rate of browning, as measured by
reflectance changes, is 3.1.3?

The occurrence of an interaction between lactose and the proteins
in milk has been established on the basis of radioisotope tracer
studies,*!:%°2 and changes in the concentration of free amino nitrogen
and reducing sugar.®.121,129,15,136,212,213.215.222  Patton an Flipse®?
concluded, from the distribution of C!4 in milk heated with added
lactose-1-C14, that the formation of formic acid and maltol from
lactose involves carbon atom No. 1. The glucose moiety dppears to
be the primary source of sugar decomposition in heated milk.
The primary sites of interaction on the protein have been iden-
tified as the un-ionized amino groups on the side chains of the
diamino acids, or the terminal alpha amino groups of the pro-
teins.121,185.136,212,213.215,245,263,210,303  Approximately 909, of the total
free amino groups are the e-amino groups of the lysine residues.
Casein,!%.136.901 g-lactoglobulin,? 12* and minor nitrogenous compo-
nents of milk! may contribute supplemental reaction sites, but the
casein plays a dominant role in the browning of milk.!0s.136.300.301

The acidity derived from interaction of lactose with the proteins
in heated milk may originate from two related sources. Initially,
the acidic character of the protein is progressively enhanced as the
basic amino groups are bound through interaction with lac-
tose.113.189.190,263  The lactose-protein complex is unstable, and
secondary fragmentation of the sugar to various acidic decomposition
products provides a significant additional source of aciditly.26¢.267.300
The mechanism of acid formation through sugar-protein interaction
has not been adequately resolved. Lactose reacts with the available
amino groups in a 1:1 ratio!3:136 forming heat-labile, colorless com-
plexes.111.130.301  When subjected to heat, the bound lactose undergoes
fragmentation and ultimately yields the several acids identified in




heated milk. Numerous other compounds including 5-hydroxy-
methyl furfural,?®® furfuryl alcohol,® maltol,2*¢ lactulose,? acetol
and methyl glyoxal,'*? some of which may serve as browning inter-
mediates, have also been identified. Keeney et al.!* propose that
the formation of formic, lactic, and acetic acids from lactose in heated
milk may involve methyl glyoxal as an intermediate. The decompo-
sition of the lactose appears to involve a catalytic fragmentation of
the sugar by the e-amino groups of the lysine contained in ca-
sein,122.149.214,500,301.506 A probable route for the fragmentation of
lactose complexed to casein, suggested by the work of Hodge
et al.'4*.1% involves an amadori rearrangement, i.e., an isomerization
of the N-substituted lactosylamine to a 1-amino-1-deoxy-2-ketose.
Such rearrangement has been implicated in the browning of model
aldose-amine systems. The carbon bonds « and g to the carbonyl
group become weakened as a result of this isomerization, leading to
fragmentation by dealdolization of the ketose.

The formation of significant concentrations of acid in heated
protein-free, buffered lactose solution, is ascribed to caramelization
of the lactose.!88.199.290,416.436,455.456  Caramelization is accelerated by
phosphates and citrates. Furthermore, under proper pH and buffer
conditions, lactosesolutionsheated in the absence of amino compounds
ield many of the same carbohydrate fragmentation products
identified in heated sugar-protein systems.2%-30 The amino groups
of the protein have been viewed, therefore, as alkaline catalysts in
the decomposition of lactose.3.3%¢ Iacobellis!”” and Schroeder
et al.*® consider the browning reaction as strictly an alkaline sugar
decomp Esition and present evidence that the Maillard reaction is an
independent change involving the formation of a glyconyl peptide
structure.

Acidity Derived from Sources Other Than Lactose

Minor changes in the acidity of milk upon heating may result
from loss of dissolved carbon dioxide, displacement of the calcium
phosphate equilibrium and cleavage of phosphate esters of casein.
The dissolved carbon dioxide in milk, approximately 49, by
15 contributes 0.01-0.02%, acidity.*s®* Loss of approximately
the carbon dioxide may occur during pasteurization,

te the loss of dissolved carbon dioxide. This acidity
increase occurs at temperatures above 60°C. as the result of changes
in the distribution of soluble and colloidal calcium phosphate. The



pH of milk normally decreases with increasing téemperature as a
result of adjustments in the buffer capacity of the system. The
addition of calcium to milk causes the pH to decrease more rapidly,.
while added phosphate reduces the rate of pH change with increasing
temperature.?® The insolubilization of calcium and phosphorus, as
tri-calcium phosphate in heated milk, decreases the pH. A minor
formation of colloidal dicalcium phosphate may similarly contribute
to heat developed acidity.s-%0 Colloidal calcium phosphates may be
recrystallized to hydroxyapatite or decomposed to other more
acidic phosphates at temperatures above 60°C.83.85.3 (Cleavage of
casein phosphate esters as a further source of acidity in heated
milk has been recognized.?®*® The phosphates liberated by heat
dephosphorylation may further effect a minor acidity increase by
tricalcium phosphate formation, through interaction with the
calcium salts. 3%

COAGULATION OF CONCENTRATED MILKS
Changes in Milk Induced by Concentration

The stability of the caseinate-phosphate com;Flex to various
coagulating agents including heat, rennin, and alcohol, declines
rapidly with increasing milk solids concentration. Heat coagulation
at a constant temperature tends to increase logarithmically with
solids concentration.s-445  Similarly storage thickening and gelation
of heat sterilized concentrates, particularly high temperature-
short time processed, are accelerated at higher milk solids concen-
trations.10.16.36.137,391  The factors controlling the stability of
concentrated milk are even less well understood than those involved
in fluid milk stability. The heat stability of evaﬁm['ated milk bears
no apparent relationship to the heat stability of its related raw
milk.158,445

The pH of fluid milk declines with concentration from an average
initial value of 6.6, to approximately 6.2 at 269, total solids.?”> The
decrease in pH with increasing milk solids concentration is substan-
tially linear in the 9-409, skim solids range.” The pH of nonfat
dry milk reconstituted to a 99, solids level is approximately 6.6,
while the pH of a 239, solids solution is 6.2 and [that of a 409
solution is 6.0.7° Redilution of concentrated milk with water
approximately restores the initial pH. The reversibility of this pH
change is presumed to arise primarily from the interconversion of
soluble phosphate and tricalcium phosphate. Eilers, et al.”® found
that both phosphate and citrate accumulate in the caseinate phase




of milk during concentration, the characteristics of the citrate
binding by the caseinate phase resembling an adsorption process.

As a result of the high solids concentration developed during
freezing or dessication of milk, the pH is further depressed. The
unfrozen serum residue separated from frozen concentrated milk by
ultrafiltration at —8°C. has a pH of 5.8 and a total cation concen-
tration of 0.6-0.8 M.3% The destabilization of the caseinate phase
of frozen milk?36%.3% and high moisture milk powder?2.169.200.201 may be
related in |part to the excessive acidity and high calcium content
developed by concentration of the milk solids. For further reference
to the coagulation of frozen milk, see Chapter 14. ’

The activity of calcium and magnesium increases during the
condensing of milk, but at a lower rate than that of sodium and
potassium, implying formation of insoluble or undissociated salts of
magnesium with increasing milk concentration.4'? Van
Kreveld and Van Minnen*!! using an equilibrium exchange resin

method, find 6%, of the Ca and 169, of the magnesium of milk in the
ionic state] These proportions decline to approximately 2 and 59,
respectively in sterilized, evaporated milk. The relative activity
of the calcium ion decreases more readily than that of the magnesium
ion during concentration. However, magnesium ion activity

appears to be depressed preferentially during sterilization. Ion
activities in sweetened condensed milk are significantly lower than in
sterilized evaporated milk, an effect attributed to the lower ionizing
power of concentrated sugar solutions. )

Nitrogen distribution is not significantly altered by concentration
when moderate process temperatures are maintained.!?.29 The
rate of serum protein denaturation at 66° and 82°C. is substantially
equal for milk solids levels of 9-369,.1%% At intermediate temper-
atures, a tendency toward lowered denaturation rate with increasing -
solids is noted.

The relatively low rate of viscosity change with concentration of
skimmilk suggests that no appreciable micellar aggregation occurs
during concentration of skimmilk. With the attainment of a
rheologic concentration of 0.55, the volume per gram of total solids
declines to a value of 1.5, from an initial value of 1.9 ml for skim-
milk.”® Changes in the viscosity of skimmilk, that result from
concentration, are reversible on redilution of the milk. However,
heat sterilization of concentrated milk leads to large viscosity
increases that are not fully reversed by redilution, affording evidence
of stable micellar aggregate formation. Hostettler and Imhof?62.164
have demonstrated, by electron microscopy, the formation of large,




stable, irregular agglomerates in unsweetened condensed milk and
drum dried powder. The formation of such aggregates| constitutes
the basis for the thickening and gelation of condensed milks during
sterilization and storage: Micellar aggregation is less evident in
sweetened condensed milk and almost absent in spray |dried milk.
Calculations derived from optical density measurements on skim-
milk, indicate that the casein micellar weight averages 180-270
million and increases continuously with concentration.®® At
approximately 509, solids, the average micellar weight inlevaporated
skimmilk is 280-430 million.

Skimmilk at 45-509, solids, exhibits properties of plastic flow.!!2
At this concentration the caseinate micelles are compacted to a
degree that renders the system highly vulnerable to oagulation.
At the inordinately high solids levels that attain in frozen milk and
hydrated milk powder, coagulation of the compacted | micelles is
impeded by the simultaneous increase of viscosity. The milk solids
level at which the relative immobilization of the micellar system
dominates the coagulation process has not been determined with any -
high degree of accuracy. Studies of hydrated milk powders indicate
that beyond approximately 889, solids, the rate of casein insolubili-
zation is sharply suppressed.

Effect of Concentration on Heat Coagulation

The coagulation of milk by heat is a function of the milk solids
concentration as well as of the temperature and time of heating.
The way in which increases in concentration of nonfat milk solids
cause the product to coagulate at successively lower temperatures
is shown in Fig. 68. The relationship is generally linear with
respect to temperature and logarithmic with respect to
heating time.®.157.218.276, 445,452,400 Cole and Tarassuk® reported
finding some deviation from this straight-line relatio ship when
they studied milks heated in the temperature range 110°-160°C.
About 12 hr. of heating at 100°C. is necessary to coagulate fresh
milk. At 130°C. coagulation occurs in approximately 1 hr. while at
150°C. the reaction occurs in about 3 min.!-#! While there are
wide variations among milks, the time of coagulation of an average
evaporated milk (total solids 26%,), prepared from milk of good
quality, may increase from 10 min. at 131°C. to 60 min. at 114.5°C.
and to 7,500 min. at 80°C.

The time of coagulation at a definite temperature variés with the
forewarming treatment to which the milk is subjected before
concentration. Preliminary heating or forewarming applied to a
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Fic. 68. THE GENERAL RELATIONSHIP BETWEEN THE
HeAT COAGULATION AREA OF MILKS, THEIR CONCENTRA-
TIONS, AND THE TIME AND TEMPERATURE OF HEATING

milk not subsequently concentrated, lowers its heat stability.
Forewarming continues to cause a lowering in heat stability of
milks which are concentrated up to a 139, nonfat-solids level. If a
milk is further concentrated to 149, or more solids-not-fat, its heat
stability is markedly increased by a proper forewarming treat-
ment.44¢ Thus there is a critical solids level, about 13.59%,, below’
which forewarming of the raw milk decreases stability and above
which the treatment raises stability. Hence, forewarming is an
important manufacturing step in the evaporated-milk industry,
where a milk of at least 189, solids-not-fat is to be produced.

No heat-stability test is known which, when used on raw milk,
will accurately predict the stability of its concentrated product. It
is, therefore, not possible to predetermine the forewarming treatment
to apply to a fresh milk so that after concentration it will respond to
a sterilization process by producing a required body. The evap-
orated milk industry determines heat stability and regulates the
body of the finished product by making pilot-batch tests and by
addition of stabilizing salts. Tests to determine approximate heat
stability such as the alcohol,’* phosphate,33® or a protein stability
test3%.434 are sometimes used on the raw milk. A decision as to the
optimum forewarming conditions is usually made on the basis of the
behavior of the milk received the previous day.

The quantitative relationship between the temperature-time
of forewarming and heat stability, as applied to the long-hold
method?! or to the high-temperature short-time process!®.27.439—44!
has been studied by several investigators. Some of these relation-
ships are shown in Fig. 69. Marked variations in stability occur
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F1G. 69. EFFECT OF VARIATIONS IN THE TIME AND TEMPERATURE OF
FOoREWARMING UPON THE HEAT STABILITY OF CONCENTRATED MILKS OF
Di1FFERENT SoLiDs CONTENT

The control sample forewarmed at 95°C. for ten min. is markeéd “C.” All other

samples were forewarmed by the HTST method in a Mallory Heater and held for

the number of minutes indicated for each curve. The forewarming temperature

for each series is indicated. Milk for each sub-figure was obtained on the date

shown. Heat stability refers to the time necessary to initiate ¢ agulation in cans
at 115°,
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tions in forewarming temperature and time. Rapid
nt in resistance of the concentrate to heat coagulation
h increasing forewarming temperature. Milk to be
d and sterilized as evaporated milk is usually forewarmed
1 by direct steam injection to raise it to 95°C., where it is
~20 min. The stability thus imparted to the milk will
ble it to withstand heat sterilization as a 269, solids
milk. Greater heat stability can be obtained by the
temperature forewarming carried out by injecting steam
o the milk or by forcing the milk through a pressure-
tem, usually in the form of a tubular heater. As the
e of forewarming is raised, shorter holding times are
p attain maximum heat stability. For the manufacture
terilized milk of 359, solids content, a high-temperature
g treatment within the range of 115°C. for 2 min. to
15 sec. will usually be required. The forewarming of
condensed milk, discussed later, must be conducted
ront that of evaporated milk.
E decrease in the heat stability of milk with increasing
ns makes it impractical to attempt to sterilize a product
been concentrated to a ratio substantially higher than
onfat solids). In commercial practice evaporated milk
d 2:1 can be sterilized under several temperature-time
ns such as: 115°C. for 16 min., 130°C. for 2 min., and
3 sec. Milks concentrated to 3:1 can sometimes be
7 forewarming and salt-balance procedures so that they
and the heat necessary for sterilization. The daily
f such a concentrate by the usual sequence of processing
d be difficult, and with some. milk supplies, almost
The relatively low heat stability of concentrated milks
ided in high temperature sterilization processes by steri-

lizing the milk prior to aseptic homogenization and canning.?s-3'8

The Viscosity of Sterilized Milk Concentrates

Viscosity

consideration in dairy-product manufacture.

control during processing and storage is an important
Pre-coagulation

thickening occurs in the manufacture and storage of evaporated,

plain and

specialty products.

heat, and

eetened condensed milks, ice cream mix, and various
Thickening of milk precedes its coagulation by
creases rapidly with increasing concentration. The

actual process of thickening occurs in a relatively short period of
time, just prior to separation of the curd. Coagulation is easily



determined by visual appearance of curd aggregates but thickening
is a less perceptible change. Since thickening is a transient state,
it is often difficult to stabilize a milk concentrate at any desired
viscosity. Evaporated milk must be treated so that the sterilization
heat brings it almost to, but never beyond the point of ¢oagulation.
Here the thickening reaction produces a desirable creamy body
although some thinning occurs during storage. The rate of thick-
ening during sterilization in the can at 116°C., although variable,
becomes greatest in the ten minutes preceding c agulation.’®
Milks of high heat stability which reach the end of the sterilization
period before entering the thickening phase do not develop the high
viscosity shown by milks of lower heat stability.

Evaporated milk is subjected to conditions of agitation that vary
considerably in different sterilization processes. A heavy-bodied
milk will not form under the severe agitation sometimes used to
attain rapid heat exchange. However, Gammack and Weckel!®
using an intermittent hold, Ball! by the addition of lactic acid to
raw milk, and Tarassuk et al.*% 3% by a proteolytic enzyme treat-
ment before concentration, produced evaporated milks which (after
sterilization) had higher viscosities than untreated control samples.

In the case of sweetened condensed milk, excessive|thickening
developed during manufacture will lead to an objectionable gelation
in storage. Thickening may be caused by improper forewarming,
high acidity in the milk, high concentration of solids, hiigh storage
temperature, and other factors.

Sweetened condensed milk should be forewarmed at a lower
temperature than evaporated milk to avoid storage thickening. The
effect of time and temperature of forewarming of milk on the vis-
cosity of its sweetened condensed product has been studied by
several investigators.2!7.310.375.447  Representative values|are shown
in Table 93. Although forewarming at 71°C. produces a low

TABLE 93

EFFECT OF TIME AND TEMPERATURE OF FOREWARMING ON THE TVISCOSITY OF
SWEETENED CONDENSED SKIMMILK®

Forewarming Conditions Viscosity after Storage at 15.5‘10. in Poises
°C. Min. 1 Day 24 Days 58 Days
71 - 10 25 40 95
82 10 360 534 853
95 10 570 846 ...

115.5 0.5 20 30 69

¢ The data are those of Webb and Hufnagel+i? except that the values at 71°C. for 10 min. were
estimated from references cited in the text.



viscosity product, this temperature does not effectively destroy
many bacteria, yeasts, molds, and enzymes, the presence of which
often produce body and flavor defects during storage. It is commer-
cial practice to forewarm the milk at about 82°C.  This produces a
product of| sufficient viscosity to retard separation of fat and
crystallized lactose during storage, yet one which will not gel when
held at room temperature or lower for several weeks. When high-
temperature short-time heating equipment is available, forewarming
at 115°C. for less than a minute may be used to produce low-
viscosity sweetened condensed milk for shipment to warm climates.
Thickening|is usually measured and expressed as relative viscosity
and an attempt generally is not made to determine plasticity.
Typical relative viscosities of some dairy products are shown in
Table 94.

TABLE 94

RELATIVE YALUES FOR THE PRE-COAGULATION VISCOSITIES OF SOME DAIRY
' PRODUCTS

Relative Visdosity after Storage at 21°C.
(in Centipoise)

No Storage 1 Month 1 Year
Evaporated milk
Sterilized in the can
1. Batch sterilizer* 80 63 45
2. Contintous sterilizer® 24 15 14 (6 mo.)
Sterilized by HTST 15 15 17 to gel*
Sweetened condensed milke 6,900 9,200 36,800
Concentrated skimmilk? - :
a. No heat treatment after
concentration 200 Perishable
b. Heated|without agitation 55,000 Perishable
c. Same as (b) but homog- .
enized after heating 2,500 Perishable
d. Same as (b) but severe .
agitation during heating 1,800 Perishable
Ice cream mix 64 Perishable
Source of information:
¢ Webb, Deysher, and Potter. 42
Tamsma and Tarassuk.3? Storage at 25°C.
¢ Webb and Hufnagel.44® .
d Webb and Hpfnagel.4¢ Milks of 36% solids heated under various conditions of agitation to
first appearance of coagulation.
e processing may result in wide variations in final viscosity; the less heat used the more
viscous the aged product. ' Based on authors’ unpublished data.

Completion of the sterilizing process does not mark the end of the
effects of time and temperature on the stability of the concentrated
milk syste Changes continue but at a rate dependent not only
on previous| heat treatments but also on time and temperature of
storage. ost products thicken with age but evaporated milk



nade by the usual longhold sterilization method thins to a basic
iscosity during the first few days of storage.®* In contra ,- high-
emperature short-time (HTST) sterilized milk (135°C. for B0 sec.)
hickens until it gels in storage. The rate of thickening decreases as
he processing heat increases.’* The viscosity of sweetened
ondensed milk increases logarithmically with the temperdture of
torage and arithmetically with storage time.4** For conditions of
onstant viscosity, time varies logarithmically with storage temper-
ture. Whether the gelation of HTST sterilized milks in storage
spresents an extension, at a slow rate, of the heat coagulation
saction, is uncertain.®®! Thickening during the storage of| HTST
oncentrated milks proceeds rapidly after an initial increase in
iscosity. The more severe the heat treatment to which amples
re subjected ‘the more stable are the milks against thic ening.
amples of 2:1 milks processed in a tubular heater at 135°C. for
) sec. and subsequently heated in cans at 115°C. for 2,6, 12, and
3 min., start to thicken (20 cp.) at 32, 36, 41, and 51 weeks [respec-
vely.15 .

Many workers!0.36.137.391 have shown in various ways that thee onset

gelation is hastened by lessening exposure of the milk to heat
aring the sterilization process, as in HTST processing. Milks
erilized by irradiation without heat, gel quickly in storage.151-153
his gel forming property of irradiated milk is probably related to
e same mechanism that causes gel formation in milks pracessed
ith a minimum of heat during sterilization. There is no correlation
*tween long continuing fluidity and high heat stability in evaporated
ilk.’» Heat appears to more effectively stabilize milk gainst
lation in storage when it is applied to milks of high solids content
6-349%), than when used on milk of normal concentration. 39!
eat applied to milk concentrates at a solids level of 32 459,
llowed by dilution to 269, imparts to the diluted milk a greater
sistance toward age-thickening.””* Thickening is retarded y low
mperature storage, 100,365

There has been intensive effort to devise a sterilization procEss for
eparation of a beverage quality concentrated milk at the 2:1 or
1 level by manipulation of time and temperature of heating. The
jective has been the production of a concentrate with a minimum

cooked flavor, discoloration, fat separation, thickening, and
iling in flavor during storage.!s.27.36.79.275,309,378,444,459,460  Of| these
fects thickening and gelation have been the most obvious and
jectionable. An acceptable sterile concentrate can be prepared by
e use of optimum processing conditions followed by storage at




10°-15°C.

at 115°C. fo
135°C. for 3
at 4000 p.s.i.

A typical process sequence would include forewarming
r 2 min., concentration not to exceed 3:1, sterilization at
0 sec., cooling to at least 98°C., aseptic homogenization
cooling to 20°C., and aseptic canning. Passing the

’

uncooled canned milk through a hot water bath at 72°C. for 10 min.,

further dela
and physica
proposal has
cally homog

ys gelation but increases cooked flavor. Both flavor
| stability are favored by refrigerated storage. The
also been made that raw milk be sterilized, then asepti-
enized, concentrated, and packaged.” This procedure

avoids coagulation problems during processing but does not delay
storage thickening.

Sediment

their heat s
quently red
during turb
experimenta
sediment fqg

may form in HTST sterilized concentrated milks when
tability has been exceeded and the coagulum is subse-
ispersed by homogenization or by excessive agitation
ulent flow in heating or cooling tubes.*2:4 Much
| work has been done recently on various aspects of
rmation but the problem is still one that requires

intensive research.?3:166,359,462—464,466.467

The prote

in of the sediment of stored evaporated milk exhibits a

different electrophoretic pattern than that of nonsedimented

protein. 166

protein com

Homogenization promotes the ‘development of fat-
plexes®* which may contribute to storage sedimentation.

One process for retarding gel formation adjusts the calcium-

sodium ion
Calbert and

milk by hol
viscosity de

ratio of the milk by use of an ion exchange resin.*”
co-workers?-193 have sought to stabilize HTST processed
ding it after sterilization at 94°C. to permit a critical
velopment. The incipient coagulum is next destroyed

by homogenization and it is then not expected to reform during

storage. O

ne problem in the use of this procedure is to so adjust

the degree of thickening that, when the product is finally smoothed

out by hom

occur in stor

Polyphos

HTST steri
salts had 4

quantities o

pgenization, neither sediment formation nor gelation will
age. - _
phates effectively retard age thickening and gelation in
lized milk concentrates.??! Early work indicated these
rather uncertain stabilizing effect®t42 but optimum

polyphosphate glass having an average of 4.8 phosphorus

atoms per chain now appear to afford effective stabilization.?*! In

unpublishe

work, Leviton?!® places an optimum concentration,

for a sterilized concentrate, at 0.6 lb. polyphosphate per 100 lb.
milk solids, thereby extending storage life of a 3:1 concentrate at

21°C. from 50 to 347 days.

The kind of phosphate salt used as a



stabilizer is important since the common Na,HPQO, and some
other phosphates increase gel formation during storage.z! 219

The storage gelation of HTST evaporated milk does not appear to
be caused by bacterial action.!®.41 There is still some question
whether enzyme action is involved. Research on the hosphatase
test in milk indicates that this enzyme is destroyed duri g pasteuri-
zation and could not be expected to survive an H ST treat-
ment.!4.216.%>  However, it has been demonstrated that certain
phosphatases in HTST treated milk- products may reactivate after
apparent heat destruction.®:6.471-43  Thuys it is concejvable that
proteases present in milk, and considered destroyed by HTST
treatment, could be reactivated during storage and cause gelation.
Clarification of the mechanism of storage gelation in HTSTT sterilized
milks must await further research.

Salt Balance and Heat Stability of Concentrated

Sommer and Hart®0-#3 first showed that a critical balance
between the natural acidic and basic salt components of milk -
appeared necessary to provide maximum stability to heat coagu-
lation. In most cases inadequate resistance to coagulation related to
the presence of an excess of calcium and magnesium. The addition
of phosphates, citrates, or carbonates to such milks was shown to
Improve their heat stability appreciably. It is generally assumed
that the salt balance directly affects the heat stability of] the casein
but this balance may operate indirectly on the casein through its
effect on denaturation and interaction with the serum proteins. ‘
The relation between the mineral composition of milk and its heat
stability has been studied intensively, but the distribution and role
of the milk serum electrolytes at high temperatures remains
Obscure.82,330,348,452 .

When milk is preheated and concentrated, the effect df acid and
stabilizing salts may be the same or opposite to that observed in the
original raw milk. Evaporated milk may respond to small changes
in pH in the same manner as fluid milk but its pH sensitiyvity in the
presence of added g-lactoglobulin is much less than that of fluid
milk.?¥  Slight natural variations of the raw milk between pH
6.58-6.65 do not affect the heat stability of the concentrated
product.18

Three types of concentrated milks are shown in the lo..er curves
of Fig. 70. One kind of milk is stabilized by addition of o tho-phos-
phate or citrate, another is stabilized by addition of c¢alcium or
magnesium, and a third is destabilized by salt additions.s.44



The' three types of milk are usually derived from a raw milk, of
which the curve shown in upper Fig. 70 is typical.

Concentrated milk I1I, stabilized by small quantities of CaCl; or
other chloride including hydrochloric acid is comparatively rare,
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FiG. 70. [THE EFFECT OF THE ADDITION OF VARYING AMOUNTS OF DIFFERENT
ELECTROLYTES UPON THE HEAT STABILITY OF NORMAL AND EVAPORATED SAMPLES
OF THE THREE DIFFERENT TYPES OF MILK

herd. If a Type III raw milk is placed in storage, there will be a
gradual shift in the heat stability curve of its evaporated product
through Type II to Type I, although little change may be noted in
the stability curve of the unevaporated sample. The shift from
Type 111 to Type I will be accelerated by the development of lactic
acid during storage,*** but it may also proceed without the accompani-
ment of a2 measurable change in pH.

Therelis no clear division among the three types of milk, since they
merge into one another and numerous curves can be obtained
showing a difference in degree of variation. There may be a shift
from tzv%e to type as a result of a change in forewarming temperature

apparen'Ey being secreted by from 10 to 209, of the cows of a normal

as shown in Fig. 71.4° Thus a milk forewarmed at 95°C. was heat
stabilized by calcium after concentration. When higher fore-



WEIGHT OF SALT PER 1,000 POUNDS OF EVAPORATED SKIM IMILK (0Z.)
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Fic. 71. THE EFFECT OF STABILIZING SALTS AND HOREWARMING
TREATMENTS UPON THE HEAT STABILITY OF EVAPORATED SKIMMILKS

warming temperatures were used, both calcium and phosphate
destabilized the milk but some stability was obtaﬁwd at certain
critical levels of phosphate.

Many different salts may be used with substantially the same
results as are obtained with CaCl; and Na,HPO,. Differences in the
valency of the ions concerned generally account for the differences
in ionic concentration found necessary to produce a given result.
The chlorides of H, Na, K, Ca, Mg, Ba, Al, and Th furnish a source of
strong cations while the sodium and potassium citrates and ortho-
phosphates may be used when strong anions are|required. In
general, calcium has a greater impact than phosphate on heat
stability. The addition of small quantities of phosphate to a milk
to increase heat stability is useful if a phosphate stabilized milk is
encountered (curve I, Fig. 70). However, if the milk is stabilized by
calcium (curve III), the addition of phosphate does not increase
stability, but at the same time it effects no marked lowering of
stability. This fact accounts for the success of phosphate salts in
evaporated milk manufacture.

The addition of salts to milk before forewarming jfd condensing

modifies the heat stability curve of evaporated milk. If a small

quantity of calcium chloride is added to a fresh milk which normally



has a stability curve of a type of milk I1, Fig. 70, the resulting
curve is shifted toward curve I. If a phosphate salt is added to the
fresh milk, the heat stability curve is shifted toward curve III.
This behavior is to be expected since it is the normal adjustment
arising frgm an excess of either a strongly positive, or negative ion,
for this particular milk.

From the foregoing discussion it can be seen that the effect of salts
on the heat stability of milk is largely empirical but of paramount
importance in the manufacture of evaporated milk. The stabilizing
salts that| have been approved by the Food and Drug Adminis-
tration® are calcium chloride, sodium citrate, and disodium phos-
phate. The hearing record shows that these salts are needed in
evaporated milk manufacture to control heat coagulation in certain
types of milk and at certain seasons of the year. Their use is
permitted to the extent of 0.19, of the weight of the evaporated
product.

An exception to the stabilizing influence of ortho-phosphate has
been noted. Stewarts’s advocates use of forewarming rather than
phosphates to obtain stabilization in HTST sterilization. The
principal defect in this product, gel formation in storage can be
minimized if phosphate addition is avoided in processing.?!?378

While the addition of salts to milk is a simple method of changing
its heat stability, this can also be done by removing ions from the
system. |Skimmilk treated to remove 609, of its calcium may be
added in|an amount equal to 0.5-2.5%, of the batch of original
milk, and the mixture processed into evaporated milk.'84.292.293
Stabilization by this means is equal to the use of from 2 to 7.3 ozs. of
disodium phosphate. Evaporated milk of 409, solids can be
stabilized) against heat coagulation by the use of a mineral-ion
exchanged milk as a ten per cent replacement for normal solids. !*3

Effect of| Nonionic Substances

Nonionic and inert materials such as fats, starches, sugars, and
vegetable pulps usually promote protein coagulation during heating
of milk systems in which they are dispersed. Suspended particles
appear to adsorb protein, finer dispersions tending to concentrate
the protein with increasing effectiveness. This accumulation of
protein on the interphase tends to lower protein stability by encourag-
ing local coagulation which quickly destabilizes the entire system.
Ground casein and vegetable pulps, decolorizing carbon, and
ground filter paper are among the substances that have been shown
to lower heat stability.*” Sugars including lactose, sucrose, and



dextrose usually promote heat coagulation although dextrose under
certain conditions exerts a stabilizing influence. 7

The destabilizing effect of sugars and starches on the heat stability
of milk protein systems is significant in the manufacture of certain
foods processed at high temperatures.'® Sterilized cream-style
soups, sauces, and creamed vegetables must have d smooth body
free from lumps and visible curd. Wheat flour, corn or potato
starch are common thickeners which promote coagulation of the
protein. Since coagulation in most products of this type cannot be
avoided the material must be handled so that a soft, smooth, gel
type of coagulum is produced. Milkfat in its normally dispersed
state affects the heat stability of the system but slightly.s8.157
Homogenization, however, increases the dispersion of the fat and
creates new surfaces for adsorption, simultaneously|concentrating
the protein on these surfaces, forming a fat-protéin complex. 9
Clumping of the newly formed globules often occurs and this further
concentrates and destabilizes the protein. It follows, therefore, that
those factors which influence the degree of fat clu ping will also
modify the heat stability of the product. The effect| of homogeni-
zation on heat stability is slight at low fat levels®.15.41 but becomes
appreciable with increasing fat content.!?

The specific conditions of homogenization have an important
bearing on the heat stability of fluid milk products. Preheating
temperature, homogenization pressure, fat and solids-not-fat con-
centrations, and salt equilibria, were shown years ago to affect the
fat clumping and coagulability of milks and creams subjected to
homogenization.®!.63.249.405,437.443  The general nature |of these rela-
tionships are shown in Fig. 72. Rehomogenization, or the use of a
second stage valve, wherein the second pressure is lower than the
first, breaks up the larger clumps and consequently increases heat
stability over that observed after a single homogenization.®2.249.437
Increasing homogenization temperatures favor heat stability of
concentrated milks when the homogenization is practiced before
forewarming and condensing. 24

The feathering of homogenized creams when added co coffee is a
form of heat coagulation. Coffee cream is usually h mogenized to
retard fat separation and to impart a smooth creamy body. The
effect of homogenization on the heat stability of 20 and 309, cream
is shown in Fig. 72. The salt content of the cream or of the coffee,
chiefly the presence of relatively high levels of calcium in either, is an
important factor.#> Acid development before or after processing
quickly renders cream susceptible to feathering. King!'® lowered
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the feathering value of cream by adding to it five per cent of skimmilk
treated with an ion exchange resin to lower its calcium content.

In the processing of milk, coffee cream, and evaporated milk, the
destabilizing effect of homogenization is incidental to the primary
objective of|retarding fat separation in storage. The interrelation-
ships of viscosity, heat stability, conditions of homogenization, and
storage, on|fat separation in evaporated milk have been studied.
220,247 -249.442| Tyrout has reviewed work on the homogenization of
milk from all aspects.*”

Coagulation of Milk by Alcohol

Interest in alcohol (ethanol) coagulation of milk has continued in
part because of the possibility that it might furnish evidence for the
stability of milks toward heat. However, experience has shown that
alcohol coagulation is not a sufficiently reliable measure of the sus-



ceptibility of milk to heat coagulation. The alcohol test is usually
made on samples of raw milk by rapid addition of about 2 cc. of 68
or 70% alcohol to an equal quantity of milk in a test tub S4139 (Co-
agulation of the casein on shaking indicates a positive test. In
general, milks which are not precipitated by 709, alcohd] tend to be
sufficiently stable to withstand sterilization in evaporated milk
manufacture, though occasionally milks stable to heat will give a
positive reaction. ,

As milk gradually sours it becomes susceptible to alcohol precipita-
tion shortly before it loses its stability to sterilizing temperatures,
though the precise pH at which the change takes place is not the
same in all milks. As instability thus induced is co stantly en-
countered in the industry, the usefulness of the test |is obvious.
Milks are not infrequently encountered, however, which though
otherwise of good quality yield a positive alcohol test reponse when
secreted. Colostral milk is always alcohol positive. Milk secreted
at the end of lactation, or when the mammary tissue is slightly irri-
tated or inflamed, though suitable for food is usually unstable to
heat and, as a rule, is alcohol positive. '

The alcohol test was originally suggested as a measure of the
freshness and purity of market milk, but its unsuitability for this
purpose was shown by Ayers.? Susceptibility to coagulation by
alcohol has been found to vary with milks drawn from different
quarters of the udder of the same cow, !’ as a function o the feed,”
and of the time and temperature of holding after milking. 3

The extent to which the different milk constituents affect coagu-
lation by alcohol is obscure. Addition of small quantities of calcium
or magnesium induce positive test results® but it is difficult to cor-
relate the heat stability of an evaporated milk with alcohol tests
made on the original milk.«* No correlation was found between
alcohol coagulation and stability of sweetened condensed milk
against age thickening.#* White and Davies*!.%2 conclyded from a
detailed chemical examination of many milk samples, that the
strength of ethanol required to coagulate the caseinate complex was
inversely related to the concentration of ionized calcium 1n the milk.

Solubility of Dried Milks

Effect of Heat.—The native properties of the milk omponents
are substantially unmodified by moderate milk drying |conditions:
In freeze dried milk, the equilibrium ratio of « and B lactose and the

~salt distribution remain essentially intact. The normal size dis-
persion of the caseinate phase and its clottability by rennin are




Depending |on the preheat conditions, drier design and temperature
of operation, the properties of spray dried powder may vary sig-
nificantly. The initial temperature of an evaporating milk droplet,
in a spray drier with parallel air-flow, does not appreciably exceed

substantial[: recovered on reconstitution of the dried product.
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1k temperature, and can be effectively held to tempera-
60°C.4.197.241  Ag the falling rate period is approached,
se of further evaporation, the temperature rises to a final
mined by the final temperature of the drying gas and the
me in the drier. Under properly controlled spray drying
the changes in milk protein structure and solubility are
ray drying does not denature the serum proteins sig-
and the level of serum protein denaturation in the dry
tantially equal to that of the condensed milk from which
ed. 126
solubility of dry milk during processing or storage is
anifestation of changes in the stability of the caseinate-
complex. The solubility of spray dried powder is unaf-
reheat treatments of the fluid milk that cause extensive
ein denaturation.?s-2¢ Exposure of dry milk to a dry
1ent sufficient to cause total insolubilization of the case-
, may have negligible effect on the serum protein. In a
insolubilized nonfat dry milk, the total casein comprising
solids, may be rendered insoluble, while the solubility of
onstituents remains intact. Jenness and Coulter!®! sug-
reheat may exert a stabilizing influence against coagula-
drying, similar to the benefit of preheat in evaporated
ation.
eheat conditions do not significantly affect the initial
f dried whole milk, powders processed from high preheat
to develop insolubility, during subsequent storage at
s rapidly than low preheat powders. The free fat in dry
decreases somewhat on storage and appears to be related to
ecrease and film formation in the reconstituted milk.?2¢

Under normal spray drying conditions the casein solubility is

spared. At excessively high exit air temperatures, the casein in
spray dried milk powders may insolubilize at a rate that is approxi-
mately logarithmic with the temperature.#? The conditions that
prevail during roller drying of milk alter the solubility of the casein
extensively] The film of milk on the heated drum has a residence
time of several seconds, during which it attains progressively in-
creasing solids concentrations upon continuous evaporation. At



solids levels above 609, the casein is particularly vulnérable to the
high temperature of the drum surface. Coagulation is essentially
instantaneous at solids concentrations exceeding 809]. Wright
determined that each increase of one per cent in milk solids lowered,
by 1°C., the temperature required to effect a constant degree of insolu-
bilization for a fixed heating period. The maximum |quantity of
protein rendered insoluble by any moist heat treatment approximates
75% of the total. At a fixed moisture level, the time required to
produce a constant degree of insolubility is a logarithmie¢ function of

the temperature. This relationship is shown in Fig. 73. The rate
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of protein insolubilization increases nearly fivefold for each 10° rise
in temperature. The slope of this curve is similar to that derived
from measurements on the heat stability of evaporated milk. Simi-
larly, the coagulation time for milk powder at 86.7 %, solids is extrap-
olable from the heat stability curves of concentrated milks of
28-389, solids levels, suggesting that the heat coagulation of
evaporated milk and insolubility of dried milk may have a common
origin. At moisture levels below 139, the rate of insolubilization of
heated milk is sharply reduced. Nevertheless, a ¢onsiderable
solubility loss is sustained by milk powder with a residual moisture
below three per cent, when subjected to a dry heat treatment (see Fig.
73).



colloidal dimensions.’® The solubility of dry heated
powder varies with the temperature of reconstitution, whereas the
protein in high moisture powders is irreversibly insolubilized. !¢ 47
With indreasing temperature of reconstitution, the full solubility of
the protein in dry heated milk can be recovered. The solubility of
milk powder in 20° and 50°C. water is therefore a useful criterion for
differentiating dry heat from moist heat insolubility. Howat and
Wright!6.16° demonstrated that protein insolubility in roller dried
milk is partially reversed at elevated temperatures of reconstitu-
‘tion. The momentary final contact of the dry milk film with the
hot surface of the drum during roller drying, therefore, accounts for
a signifidant proportion of the total insolubility of roller dried milk
powder. | Wright° considers dry heat insolubility a physical, rather
than a chemical, change in the casein since the rate of insolubiliza-
tion is directly proportional to the time of heating, and is inde-
pendent |of the quantity of unchanged casein. The casein in milk
powder treated with absolute alcohol undergoes a similar insolubili-
zation, that is also reversible at higher temperatures of reconstitu-
tion. Al|dehydration of critical water, such as loss of water of imbi-
bition, is therefore suggested as a possible cause of dry heat insolu-
bility.

The solubility changes in dry heated milk powder are wholly
related to destabilization of the caseinate compléx, with no detectable
alteration in the serum protein and nonprotein nitrogen constitu-
ents.?”? |The insolubles of dry milk, manufactured by different proc-
esses, are generally of similar composition and comprise casein to-
gether wijth calcium and phosphorus in a ratio suggesting tricalcium
phosphate.?* In roller dried whole milk, some fat appears to be
associated with the insoluble caseinate complex.

Effect of Storage Conditions on Stability of Dried Milks.—
The stability of dry milk during storage is critically affected by the
moisture, content and storage temperature. High moisture levels,
due to inadequate dehydration or reabsorption of atmospheric
moisture, promote insolubilization at relatively mild storage tem-
peratures. The rate of solubility loss is a function of both moisture
concentration, and temperature.5-51.133.136.200,201,204,385  Below five per-
cent mojsture, solubility changes are relatively insignificant at
normal [storage temperatures. In a study of the solubility
changes in hydrated nonfat dry milk, Henry ez al.'**:1% found that the
temperature coefficient of the reaction leading to insolubility exceeds




a value of five at temperatures above 20°C. Cpnsequently, the
solubility of moist powders may remain unchanged for long storage
periods at 20°C., but fails rapidly at 37°C. The solubility of nonfat
dry milk, hydrated to 79, moisture, fails in 400, 80, and 10 days
when held at 20°, 28.5°, and 37°C. respectively, and when reconsti-
tuted in 20°C. water. Initially, the insolubility is|reversible on re-
constitution in 50°C. water, resembling the differential solubility of
dry heated milk powder or roller dried powder. [The initial solu-
bility of nonfat dry milk can be retained for 700 days at 37°C.
storage if the moisture level does not exceed 4.79,.

The occurrence of solubility loss in powder of 7|69, moisture, is
coincident to crystallization of the lactose, as a result of which the
equilibrium relative humidity increases from 42 to 559%,. The
change in activity of the water due to lactose crystallization may
contribute to the overall reactions leading to solubility loss. - The
change in stability is nonbacterial and the rate appears to be un-
related to the gas atmosphere in the container. The insoluble com-
ponent is predominantly casein which can be totally insolubilized
during prolonged storage at 37°C., in powder hydrated to 7.6,
moisture. Solubility of the lactalbumin and lactoglobulin compo-
nents is similarly impaired. Changes in the distribution of soluble
nitrogen in hydrated milk powder are shown in Fig. 74.136

A number of significant changes occur in high moisture milk
powder, concurrent with the loss of solubility. | The lactose is
gradually bound by the protein, attended by a parallel reduction of
free amino nitrogen. The pH decreases steadily, and the character-
istic changes associated with the Maillard reaction between sugars
and amino nitrogen become evident, including |development of
brown discoloration and production of carbon djoxide, reducing
substances, and fluorescing compounds. Stale and caramelized
flavors also develop rapidly in milk powder under conditions of high
humidity and elevated storage temperatures and a significant loss in
biological value of the protein is incurred. Changes in nonfat dry
milk hydrated to 7.6%, moisture and aged 100 days at 37°C. in-
clude a nearly total loss of protein solubility, a pH decrease of 0.4 of a
unit in the reconstituted milk, crystallization of 809 of the lactose,
destruction of 709, of the original amino nitrogen, and approxi-
mately 69, of the lactose.!3¢

Most of the deteriorative changes in moist milk pgwder are attrib-
uted to a 1:1 interaction between the free amino groups of the milk
proteins, largely the e-amino groups of the lysine residues, and the
potential aldehyde group of lactose.!®* The initial complex is solu-
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Simultaneous changes in free amino nitrogen, determined
by the Van Slyke method and expressed as mgm per gm of
protein nitrogen, are shown in the dashed curve.

ble and colorless and as much as 65-759, of the reactive amino nitro-
gen may be bound before appreciable solubility or color change
becomes evident.!3¢:2'2  The reaction rate is largely determined by
the |activity of the moisture. The temperature coefficient exceeds
six for milk powders of 7.6%, moisture, decreasing to a value of twc
at moisture levels below 59,. The progressive loss of amino nitro-
gen|during storage is paralleled by a decrease in lactose and an in-
crease in the weight of the nondialyzable fraction. The complexed
sugar becomes irreversibly bound and, through a series of undefined
degradative changes, yields the brown colored pigments characteris-
tic of the Maillard reaction. The reaction in moist powder con-
sumes a maximum of 709, ot the total free amino nitrogen as deter-
mined by Van Slyke analysis.

While the loss of protein solubility in dry milk is generally attrib-
uted to the sugar-protein interaction, the mechanism is obscure.




Henry et al.'* speculate that insolubility may finally arise from an
induced denaturation of the protein molecule as a consequence of its
complex formation with lactose, or subsequent degradation reactions.
. This process bears analogy to the storage insoluhilization of dried egg
white.12.195.244,379

On the basis of amino nitrogen binding capacity, the relative order
of reactivity of the various suga-s toward casein is xylose > ara-
binose > glucose > maltose > lactose > (fructose.??? Lea et
al.121:211.213.215 egtablished that the e-amino group of lysine is the
primary reaction site in the casein-glucose system. The decrease in
amino nitrogen is at a maximum in the 65-70%, relative humidity
range, and the temperature coefficient, at 15°425°C., is 5.4. The
greater reactivity of glucose induces more rapid insolubilization of
the caseinate complex in addition to intensive discoloration. In
freeze dried preparations of various sugar-milk protein mixtures,
stored at 559, R.H., sucrose is unreactive, while glucose inactivates
70-809, of the available amino groups, although at a concentration
of only !/; equivalents.?!?

The interaction of lactose and casein is a conyributing factor, but
is not essential, to the development of insolubility in high moisture
milk powder. The already high acidity in concentrated milk solids
is further increased as a consequence of sugar protein interaction and
this secondary change may have an additional important influence
on solubility. Insufficient attention has been directed toward the
observation that the caseinate complex, in the total absence of
sugar, will insolubilize at 559, R.H.%2.1% While glucose appears to
accelerate the development of insolubility, casein in the absence of
sugar may insolubilize more rapidly than casein in the presence of
lactose. Furthermore, sucrose protects the solubility of the casein,
and the insolubilizing effect of glucose, in the presence of sucrose or
lactose, is largely suppressed. It is interesting tio note that centrif-
ugally compacted caseinate micelles are initially difficult to redis-
perse and become increasingly so upon aging, a process resembling
the insolubilization of moist powders. Similarly| the conditions that
prevail in frozen milk are physico-chemically analogous to those in
high moisture milk powder.#¢* The caseinate| complex in frozen
milk is comparably insolubilized without evidence of sugar-protein
interaction.

Lactose is actually essential to the stability of the caseinate com-
plex under many conditions, and its crystallization in milk products
during frozen storage is highly detrimental |to solubility.ss7. s
Furthermore, Gerlsma'*? observed that the caseinate complex, sub-




stantially freed from lactose by centrifugal separation, loses approxi-
mately half of its capacity to redisperse on spray drying. The res-
toration of lactose, or the addition of glucose, sucrose, or sorbitol
effectively protects the solubility of the caseinate during spray dry-
ing. Therefore, the crystallization of lactose in high moisture milk
powder must exert a more substantial influence on the deterioration
of protejn solubility, than that attributed merely to its effect on the
activity| of the water in the system. As a protective factor, the
lactose onceivably moderates the destabilizing influence of calcium
ions either by direct complex formation'® or by lowering the ionizing
power of the calcium salts in its solutions.4!1.412  The concentrated,
amorphous lactose matrix in moist milk powder, prior to its crystal-
lization, may further mediate as a physical barrier against micellar
aggregation as in frozen concentrated milk, thereby preserving the
ability of the colloid to redisperse on reconstitution. Interaction
between |lactose and casein particularly under conditions involving
extensive degradation of the sugar-protein complex, would in-
evitably supplement the deterioration of casein solubility.
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